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ABSTRACT

Single Crystals of Organolead Halide Perovskites: Growth, Characterization and
Device Applications
Wei Peng
With the soaring advancement of organolead halide perovskite solar cells rising from a power
conversion efficiency of merely 3% to more than 22% shortly in five years, researchers’
interests on this big material family have been greatly spurred. So far, both in-depth studies on
the fundamental properties of organolead halide perovskites and their extended applications
such as photodetectors, light emitting diodes, and lasing have been intensively reported. The
great successes have been ascribed to various superior properties of organolead halide hybrid
perovskites such as long carrier lifetimes, high carrier mobility, and solution-processable high
quality thin films, as will be discussed in Chapter 1. Notably, most of these studies have been
limited to their polycrystalline thin films. Single crystals, as a counter form of polycrystals, have
no grain boundaries and higher crystallinity, and thus less defects. These characteristics gift
single crystals with superior optical, electrical, and mechanical properties, which will be
discussed in Chapter 2. For example, organolead halide perovskite single crystals have been
reported with much longer carrier lifetimes and higher carrier mobilities, which are especially
intriguing for optoelectronic applications. Besides their superior optoelectronic properties,
organolead halide perovskites have shown large composition versatility, especially their
organic components, which can be controlled to effectively adjust their crystal structures and
further fundamental properties. Single crystals are an ideal platform for such compositionstructure-property study since a uniform structure with homogeneous compositions and
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without distraction from grain boundaries as well as excess defects can provide unambiguously
information of material properties. As a major part of work of this dissertation, explorative
work on the composition-structure-property study of organic-cation-alloyed organolead halide
perovskites using their single crystals will be discussed in Chapter 3 and 4.
Despite their outstanding charge transport characteristics, organolead halide perovskite single
crystals grown by hitherto reported crystallization methods are not suitable for most
optoelectronic devices due to their small aspect ratios and free standing growth. As the other
major part of work of this dissertation, explorative work on growing organolead halide
perovskite monocrystalline films and further their application in solar cells will be discussed in
Chapter 5.
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Chapter 1. Introduction
1.1

The structure of Hybrid Perovskites

Perovskite AMX3 is one big family of materials with the same crystal structure as CaTiO3. This
crystal structure was first discovered in a skarn sample (CaTiO3) by Prussian mineralogist
Gustav Rose in 1839 and named in honor of Count Lev A. Perovski (1792–1856).1 The structure
is a 3D network of corner-sharing MX6 octahedron with cation A fitting into the 12-fold
coordinated holes (see Figure 1.1).2-3 M is typically a metal cation, smaller than A, and X is an
anion, e.g. O2-, Cl-, Br-, I-. In a few cases such as SrTiO3, the structure is an undistorted cubic
crystal. Yet, more generally, the structure distorts in forms of cation A displacement or MX6
octahedron tilting because of inappropriate ion sizes. The distortion results in lower-symmetry
structures and may also gives rise to many interesting and useful properties such as
ferroelectricity and antiferroelectricity. 1, 3

Figure 1.1 The crystal structure of perovskite AMX 3 . Adapted from ref. 2 with
permission from The Royal Society of Chemistry.
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Some organic cations, such as CH3NH3+ (MA+), CH(NH2)2+ (FA+), are also found able to selfassemble with inorganic ions to form the so-called hybrid organic-inorganic perovskites (HOIPs)
by taking place of A. Despite several decades since the discovery of HOIPs, modern studies on
their optoelectronic properties were later initiated in the 1990’s by D. Mitzi et al.4 However,
their superiority for solar energy harvesting and other optoelectronic devices such as lasers
and light-emitting devices have just emerged during the past several years.5-7
Despite large flexibility in the choices of A, M, and X ions, there is one empirical equation
governing the allowed radii of the ions: 𝑅@ + 𝑅B = 𝑡 2 𝑅E + 𝑅B , where 𝑅@ , 𝑅E , and 𝑅B are
ionic radii of corresponding ions in AMX3, and t is the tolerance factor.4 t should satisfy: 0.8 < t
< 1, to form a stable three-dimensional (3D) perovskite structure. As an example, for the most
widely-studied organolead halide perovskites, in which M = Pb (RM = 1.19 Å) and X = Cl, Br or I
(RX = 1.84, 1.96, 2.20 Å, respectively), we can calculate that 𝑅@ should not exceed ~2.6 Å. Given
that the lengths of C-C and C-N bonds are on the order of 1.4 Å, only those organic cations
comprising two or three atoms (excluding hydrogen) may fit into the structure, such as MA+,
FA+.
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Figure 1.2 Lower-dimensional perovskite structures formed with large organic cations.

Depending on the ratio of the large and small organic cations, the thickness of the
inorganic perovskite frameworks (i.e. the inorganic layer numbers) will vary.
Furthermore, depending on the type of the large organic cations, the orientation of the
inorganic sheets also varies. Adapted from ref. 4 with permission from the Royal Society
of Chemistry.

In the case of longer organic cations being used (t>1), reduced-dimensional perovskite
structures will form, as shown in Figure 1.2.4 The structures of reduced-dimensional
perovskites can be derived by slicing the 3D perovskites along specific crystallographic
orientations, <100>, <110> or <111>. The orientation depends on the hydrogen bonding
between the organic cations and the inorganic frameworks. The layer-by-layer structure
feature in 2D hybrid perovskites determines their well-known anisotropic optoelectronic
properties, which will be discussed in the next session. To make this family of materials even
more interesting and intriguing, researchers found that mixture of both large and small organic
cations leads to the formation of intermediate structures, or sometimes the so-called quasi2D perovskites, between the 3D and the 2D structures (Figure 1.2). The thickness of quasi-2D
structures, i.e. the number of the perovskite sheets (referred as n) between two separating
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organic cation layers, is determined by the amount ratio of the large and the small organic
cations. Quasi-2D structures provide extra freedom of tuning carrier transport properties,
optical properties, and thermal properties of HOIPs, which will be discussed in next session.
To date, hundreds of hybrid perovskites have been reported.8 However, mainly organolead
halide perovskites have recently been reported with attractive figures of merits for
photovoltaic devices, and have further been intensively used in optoelectronic devices. This
dissertation will be focusing on this major group of hybrid perovskites, i.e. organolead halide
perovskites.

1.2

Properties of organolead halide perovskites

3D organolead halide perovskites have been shown to behave similarly as typical inorganic
semiconductors from the respect of charge transport characteristic, such as long charge carrier
diffusion lengths (0.1-1 𝜇m for thin films and 2-20 𝜇m for single crystals) and moderate charge
carrier mobilities (1-30 cm2V-1s-1 for thin films and 24-115 cm2V-1s-1 for single crystals).9 These
transport characteristics originate intrinsically from their electronic band structure, of which
the valence band maximum and the conduction band minimum consist of mainly the electronic
states of Pb and I.10 Furthermore, the dielectric environment of the inorganic framework in
hybrid perovskites results in a small exciton binding energy (several to tens of meV).11 As a
result, the majority of photo-excitons spontaneously dissociate into free carriers even at room
temperature. The free carrier nature is ascribed as one origin of their relatively long carrier
lifetimes (0.01-1 𝜇s for thin films and 0.3-1 𝜇s for single crystals).9 Another important feature
of hybrid perovskites is their strong light absorption (absorption coefficients approximately
104-105 cm-1) over a broadly-tunable wavelength range.9-10, 12 For example, the most widelystudied methylammonium lead halide perovskites have tunable absorption onsets from
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approximately 400 nm for MAPbCl3, to approximately 530 nm for MAPbBr3, and further to
approximately 790 nm for MAPbI3 (see Figure 1.3).13 Furthermore, alloys of different halides
provide a way to adjust the optical bandgap continuously among these pure phases (see Figure
1.3).14-15 This feature is particularly valuable for wavelength-tunable light emitting devices and

multi-junction solar cell design. These characteristics, therefore, render organolead halide
perovskites superior for optoelectronic devices.
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Figure 1.3 a) Absorption spectra of MAPbI 3 , MAPbBr 3 , and MAPbCl 3 and converted
Tauc plots showing their bandgaps. Adapted from ref. 13 with permission from
John Wiley and Sons. b) Alloys of MAPbI 3-x Br x show continuous bandgap tuning
from 1.5 eV to 2.2 eV. Adapted from ref. 14 with permission from the Royal
Society of Chemistry. c) Alloys of MAPbBr 3-x Cl x show continuous bandgap tuning
rom 3 eV to 2.2 eV. Adapted from ref. 15 with permission from the Royal Society
of Chemistry.

Perhaps the most attractive property of hybrid perovskites, which distinguishes them
from traditional inorganic semiconductors, is their simple fabrication methods.16 Unlike the
high-temperature, high-vacuum conditions generally required for processing traditional
inorganic semiconductors, a low-temperature solution process is enough to produce highcrystallinity hybrid perovskite films (see Figure 1.4) with extremely low defect densities (1015-
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1016 cm-3). This feature can be ascribed to the self-assembly nature of their organic and
inorganic components with a low formation energy. A low trap density is a prerequisite for the
manifestation of their intrinsic, outstanding optoelectronic properties that are mentioned
above. The simple fabrication techniques to process hybrid perovskite films, along with their
fantastic optoelectronic properties, raise the hope of cheap, solution-processible solar cells.
Especially, the low trap densities of solution-processed hybrid perovskites facilitate a low trapassisted charge carrier recombination rate, and thus favor carrier radiative recombination.6 A
high radiative recombination rate is critical light emitting devices, such as laser and light
emitting diodes (LEDs). As will be discussed in the next session, hybrid perovskites have also
emerged as a promising candidate for these applications.

Figure 1.4 a) one-step method and b) two-step method of depositing MAPbI 3 films.
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Despite the superiorities discussed above, HOIPs suffer from various instability issues,
which is a result of their low formation energy as well.17 For example, MAPbI3 was found to
degrade slowly while annealing at low temperatures around 100 ℃. Moisture and oxygen were
also found to attack HOIPs to cause degradations (see Figure 1.5). Their degradation usually
happens with releasing the organic components and oxidizing the halide ions. Nowadays,
instability plays the major obstacle that impede the commercialization of HOIP-based
optoelectronic devices and has become the central topic of HOIP research community recently.

Figure 1.5 illustration of the decomposition process of MAPbI 3 .

Unlike 3D hybrid perovskites, reduced-dimension perovskites show severely
suppressed charge transport across the large organic cations (out-of-plane transport) owing to
their weak electronic coupling.2 This is one of the main reason that has hampered their
applications in optoelectronic devices. However, carrier transport within the perovskite sheet
(in-plane transport) was reported to be still attractive. Field effect transistors (FETs) made of
2D perovskites have demonstrated in-plane mobilities of ~1 cm2V-1s-1.18-19 Another
distinguishable feature of reduced-dimension perovskites is the large dielectric confinement
of the organic layer results in a multiple-quantum-well structure, which confines photo-
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excitons and induces much larger exciton binding energies (hundreds of meV) than those of
3D perovskites.20 Strong binding of excitons is not beneficial for photovoltaics due to an
enhanced photocarrier direct recombination rate, but it is advantageous for light emitting
devices.21 One most intriguing feature of reduce-dimension perovskites is their higher stability
than 3D perovskites thanks to the large mass and small polarity of large organic cations. This
characteristic makes them particularly attractive as a substitute of 3D perovskites for
improving device stabilities. Quasi-2D perovskites with large n have been proposed as
compromise between the carrier transport properties of 3D perovskites and the stability of 2D
perovskites.20,

22-24

Research work along this direction has just arisen, and eye-catching

progress has been achieved.

1.3

Recent developments of organolead halide perovskite-based applications

As a major group of the organolead halide perovskites, methylammonium lead halides
(MAPbX3, X = I, Br or Cl) have attracted the most attentions for their extraordinary photovoltaic
performance since they were first used as a photosensitizer in a dye-sensitized solar cell (DSSC)
structure in 2009.25 Moderate power conversion efficiencies (PCEs) of 3.81% and 3.13% were
reported for MAPbI3 and MAPbBr3, respectively. However, the first-generation perovskite solar
cells (PSCs) were not stable due to the dissolubility of hybrid perovskites in the liquid
electrolyte used in DSSC. Until 2012, two separate groups reported the use of 2,2’,7,7’,tetrakis-(N,N-dimethoxyphenyl-amine)-9,9’-spirobi-fuorene

(spiro-MeOTAD)

as

a

hole

conductor to replace the liquid electrolyte.26-27 As a result, stable PCEs over 9% were achieved
for MAPbI3-sensitized solar cells. Ever since this milestone breakthrough, soaring
developments have been brought to PSCs through researchers’ efforts in optimizing cell
structures, perovskite film fabrication techniques, and tailoring perovskite chemical
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compositions.7 For example, FAPbI3 was shown to exhibit an extended absorption onset at
~840 nm compared to that of MAPbI3, ~790 nm.28-30 However, FAPbI3 itself is even less stable
than MAPbI3. An alloy perovskite, (FAPbI3)1-x(MAPbBr3)x (x=0.1-0.2), was therefore designed to
retain the absorption characteristic of FAPbI3 but also exhibit better phase stability.31 This
composition engineering strategy represents a major step to push the limit of well-developed
MAPbI3 single-phase solar cells. So far, the PCEs of PSCs have reached a certified 22.1%, which
is comparable with the best inorganic single-junction solar cells (see Figure 1.6).32 What’s more
exciting, even superior optoelectronic properties have been revealed in hybrid perovskite
single crystals, suggesting that the performance of PSCs could further advance by improving
the crystallinity of perovskite films.33
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Figure 1.6 Certified efficiency chart of major solar cell technologies. Reprinted
from ref. 32 with permission from NREL.

31
As mentioned above, the well-developed solar cells using MA- and FA-lead halide
perovskites suffer from various instability issues. Incorporating large organic cations in these
3D perovskites to produce quasi-2D perovskites were found able to ameliorate this
predicament. Furthermore, to overcome the obstacle of the restricted out-of-plane charge
transport, Mohite’s group reported a method of depositing the quasi-2D perovskites with an
exclusive out-of-plane orientation along substrates, namely the perovskite sheets aligning
normal to the electrodes to form unhindered charge transfer channels.24 Although the
reported PCE of quasi-2D perovskite solar cells is only 12% so far, researchers proposed that
these pioneering cells could be further improved by surface engineering and device structure
optimization. The most impressive achievement on these quasi-2D perovskite solar cells is their
stabilized behavior by showing nearly constant power output under over 2000-hours
illumination in 65% relative humidity (for encapsulated cells), whereas the controlled MAPbI3
solar cells exhibited a more than 80% drop.
Organolead halide perovskites have also found applications in photodetectors. A
photodetector is a type of communication optoelectronic devices, which detects light signals
by collecting and converting photo-generated electric signals. Therefore, those outstanding
optoelectronic properties that account for solar cell applications also add marks to their
applications in photodetectors. So far, high responsivity (defined by the number of electrons
harvested per illuminated photon), high detectivity (defined as the lowest detectable light
intensity), and fast response speed have been achieved with organolead halide perovskites,
which are even superior than most commercial photodetectors.34-36 It is noteworthy that most
of these high-performance perovskite photodetectors have been mainly achieved through
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rather complicated solar cell structures. The perovskite stability-restricted device lifetime is
also the biggest obstacle for their wide implementation.
In the meantime, the superior optoelectronic properties of hybrid perovskites have also
inspired their applications in other fields such as LEDs, lasers, and thin film transistors (TFTs).6,
18, 37-38

For example, their continuous emission tunability through alloy of halides along with

small full-width at half maximum (FWHM) of their emission peaks enable a pure color
distribution covering a broad range. This characteristic can satisfy the demand of light emission
devices working at variable wavelengths from blue to near-infrared, and is thus attractive for
both LEDs and lasing applications. Also, the large carrier mobilities of hybrid perovskites are
promising for LEDs to achieve high brightness at low driving voltages. Another most important
characteristic, as mentioned before, is the high radiative recombination efficiency of hybrid
perovskites resulted from their low charge-trapping defects, thus constituting the key
advantage for them to be applied as the emission materials of LEDs and lasers.
To date, the highest peak external quantum efficiencies (EQEs) reported for hybrid
perovskite LEDs are 3.5% and 8.5% at near-infrared and green wavelengths, respectively.39-40
The green hybrid perovskite LEDs remain below the efficiencies (>20%) of both solutionprocessed polymer and colloidal quantum dot (CQD) LEDs while the efficiency of the nearinfrared perovskite LEDs approaches the record of 5.2% by using CQDs. In contrast, blue
perovskite LEDs have been reported with much lower efficiencies so far, probably resulted
from inappropriate injecting electrodes and defect states in chloride-based perovskites.
Hybrid perovskite-based lasing has also been reported recently with various figures of
merit, such as low lasing thresholds, high quantum yields, and high quality factors (Q-factors).
Among these reports, single-crystal hybrid perovskite nanowires demonstrate a low lasing
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threshold of 220 nJ cm-2, lasing efficiencies approaching unity quantum yield, and high Qfactors of 3600.41 From the respect of the latter two key values, perovskite nanowire lasers
even outperform state-of-the-art epitaxial GaAs-AlGaAs nanowire lasers. However,
continuous-wave operation and thermal stability remain the major obstacles for
commercializing hybrid perovskite lasers.
Hybrid perovskites are also promising candidates for solution-processed, high-speed TFTs
considering their large carrier mobilities. So far, the highest carrier mobility of hybrid
perovskites measured in TFTs is over 1 cm2V-1s-1, approaching those of amorphous Si-based
FETs.18-19

1.4

Summary

The recent intensive optoelectronic-related studies on organolead halide perovskites reveal
the enormous potential of this big materials family for optoelectronic devices, and thus greatly
spur the passion of researchers. More excitingly, the versatilities lying in the compositions and
the structures of hybrid perovskites imply hidden treasures to explore. As a major goal of this
dissertation, exploring the influences of compositions and structures on the properties of
organolead halide perovskites and further their device performances would thus be
worthwhile and significant for the whole hybrid perovskite research community.
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Chapter 2. Hybrid perovskite single crystals
2.1

Outstanding transport characteristics of hybrid perovskite single crystals

Single crystals, as a counter form of polycrystals, have a continuous crystal lattice with no grain
boundaries to the edge of the crystal. The absence of defects associated with grain boundaries
gifts single crystals with unique optical, electrical, and mechanical properties. At the same time,
as a result of being free from grain boundaries, a single crystal is an outstanding platform for
fundamental studies of materials’ intrinsic properties. Within the context of hybrid perovskites,
several research groups have reported that perovskite single crystals (see Figure 2.1)42-43
exhibit even superior optoelectronic properties compared to their polycrystalline forms such
as much longer carrier lifetimes, higher carrier mobilities, and thus extraordinarily longer
diffusion lengths.9 Table 2.1 lists the representative values of these most-concerned charge
carrier dynamic properties for the intensively-studied MAPbI3 and MAPbBr3 thin films and
single crystals.9 Therefore, directly implementing hybrid perovskite single crystals in
optoelectronic devices is intriguing.
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Figure 2.1 The optic images of different organolead halide perovskite single

crystals. From left to right: MAPbCl 3 , MAPbBr 3, and MAPbI 3 . Adapted from ref. 42
with permission from Nature Publishing Group and ref. 43 with permission from
ACS Publications.

Table 2.1 Summary of transport characteristics of organolead halide perovskites
Material

Diffusion length

Lifetime (𝜇s)

(𝜇m)
MAPbI3

Mobility

Trap

(cm2V-1s-1)

(cm-3)

0.1-1

0.01-1

1-10

1015-1016

2-8

0.5-1

24-105

1010

0.3-1

0.05-0.16
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N/A

3-17

0.3-1

24-115

1010

polycrystalline
film
MAPbI3

single

crystal

MAPbBr3
polycrystalline
film
MAPbBr3
crystal

single

density

36

2.2

Growth of hybrid perovskite single crystals

Inspired by the pioneering fundamental studies on the most-concerned optoelectronic
properties of MAPbBr3 and MAPbI3 single crystals in 2015,44-45 the amount of publications on
the growth of hybrid perovskite single crystals has been increasing rapidly ever since. To date,
mainly three different routes towards crystallizing hybrid perovskites have been reported,
which are classified according to their saturating mechanisms, as shown in Figure 2.2.

Figure 2.2 Crystallization of hybrid perovskites by a) heating/cooling, b)
evaporation, and c) antisolvent.

First of all, the most conventional crystallization protocol is by gradually raising or reducing
the temperature of a highly-concentrated perovskite solution to decrease the solubility of
perovskites (Figure 2.2a). Frequently-used perovskite solutions are prepared under high
temperatures (usually above 80 °C) with hydrogen halide acids in water. Hydrogen halide acids,
on one side, act as a halide source for crystallization, and on the other side, increase the
solubility of lead source in water. Thanks to the positive correlation of solubility and
temperature in this type of solutions, slow cooling can gradually saturate the solution and
finally induce the crystallization of perovskites.44, 46-47 Despite the common positive correlation
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of the solubility and the temperature, it was recently found that the solubility of perovskites in
specific solvents exhibits an opposite characteristic, i.e. solubility decreasing while
temperature rising.42 For example, saturated MAPbI3/gamma-butyrolactone (GBL) solutions
prepared at room temperature were found to start crystallization at temperatures above 100 ℃
while saturated MAPbBr3/dimethylformamide (DMF) solutions prepared at room temperature
would crystallize at ~50 ℃. This inverse solubility phenomenon was shown to facilitate the
growth of high-quality, large perovskite single crystals (millimeter to centimeter scale) in a
much faster (within one day compared to several days required for growth in hydrogen halide
acid solutions) and easily controllable way.
The second route is through slow evaporation of solvents to decrease the amount of
soluble perovskite precursors and thus promote crystallization (Figure 2.2b).22 There are
several limits of this method. A suitable solvent should have both a moderate solubility of
perovskites and an appropriate boiling temperature, neither too low (crystallization too fast to
obtain high-quality large crystals) nor too high (crystallization too slow). Also, the solvent vapor
may be hazardous to the environment, which therefore demands extra care for experimental
set-ups. Perhaps the most daunting aspect of this method that obstructs their wide usage is
the difficulty in controlling the solvent evaporation speed and thus the crystallization speed.
The last route is by taking advantage of the smaller solubility of perovskites in specific
solvents compared to other solvents (Figure 2.2c).45 The solvents with smaller perovskite
solubility are usually termed anti-solvents. Therefore, diffusion of antisolvent vapor into
perovskite solutions can lead to the decrease of perovskites’ solubility in the mixture solvents,
and thus promotes the crystallization of perovskites. There are several variables in this method
that can be tuned to control the crystallization process including the choice of solvent/anti-
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solvent pairs, diffusion channels of antisolvents and perovskite solution concentrations.
Choices of the solvent and the antisolvent should be made very carefully. First of all, they
should be immiscible and the antisolvent should have a much smaller boiling point than that
of the solvent. Secondly, the coordination chemistry of precursor ions with solvent molecules
and the solubility of different precursor sources in both the solvent and the antisolvent should
be considered. This complexity originates from the hybrid nature of hybrid perovskites, of
which the organic and the inorganic components have distinctively different solubility and
coordination chemistry in organic solvents. For example, to crystallize MAPbI3, GBL is usually
chosen as the solvent while DMF is not suitable due to the strong coordination of DMF with
MAPbI3. In comparison, DMF is a good solvent for MAPbBr3 crystallization. In addition, the
molar ratio of MAI/PbI2 in the precursors needs to be larger than the stoichiometric ratio of
MAPbI3 since PbI2 has a much smaller solubility than MAI. Here it is worth pointing out that
organic solvents rather than water are usually the appropriate choices for antisovlent-assisted
crystallization. One reason is that organic solvents with generally small polarity would be less
aggressive to as-grown crystals during the crystal harvesting process. Another reason is that
choices of antisolvents are also limited while water is used as the solvent since few solvents
are immiscible with water.

2.3

Applications of hybrid perovskite single crystals

Despite the intriguing properties of hybrid perovskite single crystals, directly implementing
them in optoelectronic devices have several limitations. First of all, the dimensions of bulk
crystals do not meet requirements for the dimensions of functioning layers in most highperformance optoelectronic devices. For example, an efficient solar cell demands the transit
distance of photocarriers, i.e. the thickness of the light absorber, not exceeding its carrier

39
diffusion length to ensure efficient collection of photocarriers. This imposes a restriction on
the dimensions of suitable perovskite single crystals for solar cells: the crystal should have at
least one dimension within tens of microns (the longest carrier diffusion length in perovskite
single crystals reported so far). However, due to the small aspect ratios of hybrid perovskite
single crystals that can be grown using common crystallization methods, the pre-requisite on
crystal dimensions leads to crystals with all three dimensions on the scale of tens of microns.
It is impractical to fabricate solar cells on such small crystals. The situation is similar in other
fields such as LED and laser. Secondly, traditional crystallization methods usually produce freestanding crystals. Consequently, other functional layers that are necessary for an
optoelectronic device have to be deposited directly onto the surface of crystals. Not
mentioning feasibility, the deposition of some active layers such as transparent conducting
oxides (TCOs) involves high energy processes, which are detrimental to hybrid perovskites. In
all, the implementation of perovskite single crystal in practical devices is still obstructive.
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Figure 2.3 a) Lateral photodetector fabricated on MAPbBr 3 single crystals. Adapted
from ref. 51 with permission from Science Advances (AAAS). b) X-ray
photodetector based on MAPbBr 3 single crystals using a vertical device structure.
Adapted from ref. 48 with permission from Nature Publishing Group. c) An
integrated 𝛾-ray photodetector using a MAPbI 3 single crystal. Adapted from ref. 49
with permission from Nature Publishing Group.

Despite the obstructions discussed above, explorative work has been carried out on
organolead halide perovskite single crystal-based radiation detectors such as UV-Vis light
detectors, X-ray and 𝛾-ray detectors (see Figure 2.3).48-51 This type of devices can be fabricated
by simple thermal evaporation or melting of metal on the crystal surface to form metalsemiconductor-metal devices. To allow light signals to be detected by perovskite crystals, a
lateral device structure or a vertical device structure with semi-transparent metal contacts is
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required. As mentioned above, the large carrier transit distance in these devices would
deteriorate device performance due to an increased photo-carrier recombination during
carrier transport.49 However, this would be no more a disadvantage when perovskite single
crystals are used for high-energy photons such as X-ray and 𝛾-ray detection since a generally
large extinction depth (up to several millimeters) is required.48 The existence of large-mass
atoms such as Pb and I in hybrid perovskites endows them large absorption cross-sections,
leading to complete attenuation of 50 keV X-ray in ~1 mm thick MAPbI3 crystals, and ~2 mm
thick MAPbBr3 crystals. This characteristic, along with the long carrier diffusion lengths, has
enabled MAPbBr3 single crystals to own remarkable X-ray detection efficiencies.

2.4

Summary

With the revealing of the superior optoelectronic properties in hybrid perovskite single crystals,
a strategy towards substrate-based, large-aspect-ratio perovskite single crystal growth is
intriguing for the direct demonstration and manifestation of their extraordinary optoelectronic
properties in practical optoelectronic devices, which will be one of the major topics in this
dissertation. In addition, single crystals would be an ideal platform to explore the influences of
compositions on intrinsic properties of hybrid perovskites, which will further benefit prediction
and optimization of their corresponding thin film device performance. This is the other major
topic of this dissertation.
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Chapter 3. Cation Alloy Engineering in 3D Hybrid Perovskites
As discussed in Chapter 1, there is one principal requirement governing the allowed sizes of
the precursor ions in hybrid perovskites AMX3, which can be expressed as: 𝑅@ + 𝑅B =
𝑡 2 𝑅E + 𝑅B , where R represents the corresponding ionic radii of the ions and t is the
tolerance factor. To obtain a stable 3D crystal structure, t should be between 0.8 to 1.4 In the
case of lead halide perovskite systems, methylammonium (MA) and formamidinium (FA) are
the only organic ammonium cations with suitable ionic radii to construct stable 3D perovskites.
In contrast, lead halide with larger organic cations, such as phenethylammonium, will form
low-dimension crystal lattices, leading to much suppressed charge transport along the lattice
direction perpendicular to the large organic cation layer due to weak electronic coupling.
However, 2D perovskites possess much higher ambient stability due to the weaker polarity
(less hydrophilicity as a consequence) and larger molecular mass of the large organic cations.2324

Consequently, longer device lifetimes have been achieved under operating conditions.

Finding a strategy to incorporate large organic cations into 3D crystals would vastly expand the
library of 3D perovskites with intentionally engineered properties, including desirable
transport and stability.
Here it is worth pointing out that the impossibility for large organic cations to form stable
3D crystals may arise from two situations. First, relatively large cations with ionic radii that do
not exceed the dimensions of the inorganic cuboctahedral holes while a 3D crystal system may
be not thermodynamically favorable. Second, the cations may exceed the geometric limits of
the inorganic framework, which by any case will not be able to form a 3D lattice, as was
previously reported. However, the former case may be circumvented through the choice of
proper assembly components so as to reduce the Gibbs free energy of the targeted 3D
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structures. It was previously found that ethylammonium (EA) could not form 3D crystals with
lead iodide because it has a tolerance factor slightly larger than 1.52 In consideration of the
slightly small tolerance factor of MAPbI3 (t=0.85), EA and MA would be an ideal candidate ion
pair for our study.
In this chapter, the trial work on the growth of cation alloy crystals consisting of both MA
and EA, as well as the related fundamental characterizations on the as-grown crystals will be
described, which is adapted from ref. 53 with permission from John Wiley and Sons. The
current work explores the potential choices of organic cations for alloy 3D perovskites, and
would therefore inspire future work along this direction. Furthermore, the prelimilary work
would greatly benefit the exploration of better-performing hybrid perovskites for practical
applications as well as the fundamental studies on the correlation between structure,
optoelectronic properties and thermal properties.

3.1

Experimental Details

Chemicals: EAI and MAI powders were bought from Dyesol (Australia). PbI2 powders and all

the solvents were ordered from Sigma-Aldrich (US). All the solvents meet the ACS reagent
grade.
Crystallization method: The single crystals were grown using the antisolvent-vapor diffusion

assisted crystallization method, as discussed before and described elsewhere.45 Briefly,
precursor solutions containing specific amounts of EAI, MAI and PbI2 (regarding the ratio of the
precursors, see later discussion) in gamma-butyrolactone were prepared through ~ 4-hour
stirring under nitrogen flow, then cooled and left stabilized at room temperature. The sum of
MAI and EAI in mole is 3 times that of PbI2, and a typical molar concentration of PbI2 we used
is from 0.1 to 0.3 M. The precursor solution was then loaded in a small crystallizing dish with
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aluminum foil cover, which was then placed in a bigger dish with antisolvent, dichloromethane,
loaded. The whole setup was sealed with an aluminum foil cover. The inner cover was left with
a ~0.5 mm hole to let the antisolvent vapor diffuse inside the precursor solution. The set-up is
shown in Figure 3.1. The growth process usually takes 4-6 days.
Thin film preparation: All the films were prepared on cleaned glass substrates using a toluene-

dripping method.54 Perovskite solutions were prepared using a mixture solvent of gammabutyrolactone (GBL) and dimethyl sulfoxide (DMSO) in a ratio of 7:3 v/v by stirring in the
glovebox under 70 ℃ overnight. For the perovskite films without EA, the precursor solution
consisted of equimolar MAI and PbI2 in a molar concentration of 0.8 M, while for the films with
EA, a precursor of EAI (0.104 M), MAI (0.696 M), and PbI2 (0.8 M) was used. The spin coating
process was carried out in two steps with the first step of 1000 rpm for 10 s (200 rpm/s
acceleration) and a second step of 5000 rpm for 25 s (1000 rpm/s acceleration). 100 μL
anhydrous toluene was injected on the substrate at ~15 s of the second step. After spin coating,
the films were then annealed at 100 ℃ for 10 minutes. For the thermal stability test, the films
were further annealed at 85 ℃ in the N2-filled glovebox (O2 < 0.1 ppm, H2O < 0.1 ppm) for 24
h.
Phase analysis: Powder XRD was collected with a Bruker D8 Advance using Cu Kα1 (λ = 1.5406

Å) source, a step size of 0.02 ° and a speed of 0.5 sec/step. The temperature-dependent XRD
was also carried out with the same parameters, but with a temperature-control chamber (LT
chamber, TTK450 from Anton Paar GmbH). Data at each temperature was collected 2 minutes
after stabilizing at the corresponding temperature. Single crystal XRD was carried out using a
SuperNova diffractometer with a Mo K𝛼 source under room temperature. The other details
can be found in Table 3.1.
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Composition analysis: CHN analysis was carried out with a FLASH 2000 CHNS/O analyzer

(Thermo Scientific). The measurement was calibrated with a standard reference sample, Soil
(33840025, ThermoFisher Scientific, UK). For liquid NMR analysis, the solutions were prepared
in deuterated DMSO with a concentration of ~20 mg/mL. All NMR spectra were recorded at
298 K using Bruker 600 AVANAC III spectrometer equipped with Bruker BBO multinuclear
probe (BrukerBioSpin, Rheinstetten, Germany). The 1H NMR spectra were recorded by
collecting 62 scans with a recycle delay time of 5s, using standard 1D 90o pulse sequence using
a standard program from Bruker pulse library. The 13C NMR spectra were recorded using a 1D
sequence with power-gate decoupling using 30-degree flip angel with a spectral width of 280
ppm and digitized into 64 K complex data points. Exponential line broadening of 1 Hz was
applied before Fourier Transformation. Bruker Topspin 2.1 software (BrukerBioSpin,
Rheinstetten, Germany) was used in all experiments to collect and analyze the data.
Electrical and optical characterizations: Diffuse reflectance spectroscopy was carried out with

a Cary 5000 (Agilent Technologies), equipped with a diffuse reflectance accessory. The sample
for diffuse reflectance measurement was prepared by mixing the crystal powders with freshly
dried KBr powders in a weight ratio of 1:100. The photoluminescence (PL) spectra were
collected using an Aramis Raman Spectroscopy (Horiba Scientific, USA) with a 473 nm laser.
Transient absorption spectroscopy measurements on single crystals were carried out by an
EOS Sub-Nanosecond Transient Absorption Spectrometer (Ultrafast Systems, LLC) utilizing
two-channel probe-reference detection method. The excitation pulse with 4.2 μJ cm-2 fluence
at 650 nm was generated using spectrally tunable Optical Parametric Amplifier (Light
Conversion Ltd) pumped by a Ti:sapphire femtosecond regenerative amplifier operating at 800
nm and producing 35 fs pulses with a repetition rate of 1 kHz (Spectra-Physics). A
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Supercontinuum source generated the white light probe pulse. The pump and probe beams
were overlapped spatially and temporally on the sample, and a broadband UV-VIS detector
was used to collect the transmitted probe light from the sample to record the time-resolved
excitation-induced difference spectra. Transient PL measurements were done with a Horiba
Fluorolog Time-Correlated Single Photon Counting (TCSPC) system. A 375 nm pulsed laser
diode was used to excite the samples. The transient PL signal intensity at the PL peak, 780 nm,
was recorded with an overall resolution of 0.13 ns set by the instrument response function. All
measurements were done at room temperature and in air. For I-V measurement, ~80 nm-thick
gold was thermally evaporated onto the opposite sides of a cubic crystal for a hole-injecting
device, while consecutive 30 nm Ti and 50 nm Au were evaporated for an electron-injecting
device. I-V curves were recorded with a source meter (Keithley 4200) under dark, ambient
conditions. For Hall effect measurement, electrodes deposited with silver paste in the Van der
Pauw configuration were used. The measurement conditions were: magnetic field intensity
(0.504 T), temperature (300.6 K), target voltage (40 mV).

3.2

Alloy Single Crystal Growth

The optimal route towards understanding a new material is through its single crystals, from
which we can acquire the details of its crystal structure, its intrinsic optoelectronic properties
and further understanding of its properties in other forms. Therefore, we initiated our study
by growing EA-incorporated MAPbI3 single crystals using the antisolvent vapor-assisted
crystallization (AVC) method (see Figure 3.1).45 The previously mentioned recipe for growing
MAPbI3 single crystals was revised by adding another precursor EAI. With a specific amount of
EA+ in the precursor solution (details will be provided later), the as-grown crystals exhibited a
well-defined cubic shape and a metallic black color, contrasting with the truncated octahedral
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shape of pure MAPbI3 single crystals, as shown in Figure 3.1. This comparison clearly suggests
the influenced crystallization dynamics and probable change of crystal structures with the
addition of EA.

Figure 3.1 The antisolvent vapor assisted-crystallization (AVC) set-up (left) and

optical images of an MAPbI 3 tetragonal single crystal (right top) and an EAincorporated MAPbI 3 cubic single crystal (right bottom).

3.3

Composition and Crystal Structure Characterization

To determine the phase of this new single crystal, we first obtained the X-ray diffraction (XRD)
spectrum of ground crystal powders. As shown in Figure 3.2, the diffraction pattern can be
indexed as a typical cubic crystal with a lattice constant of ~6.31 Å, resembling that of an
MAPbI3 crystal in the cubic phase (~6.30 Å at 350 K).55 The diffraction pattern of the tetragonal
MAPbI3 crystals is also shown in Figure 3.1 for comparison.
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Figure 3.2 Powder XRD patterns of the tetragonal MAPbI 3 crystal and the cubic

crystal. The XRD pattern calculated from the cubic crystal structure data is also
presented.

To gain a better understanding of the crystal structure, XRD was performed on single
crystals. We solved the structure with a cubic symmetry in the Pm-3m space group and found
a crystal lattice comprising a Pb-I framework with a bond distance of 3.16 Å. Details of the
crystal data and structure refinement can be found in Table 3.1. The simulated powder XRD
pattern is in good agreement with our powder XRD result, as shown in Figure 3.2. Notably, the
Pb-I framework resembles that of MAPbI3 crystals in the cubic phase.56 Unfortunately, due to
the much lower diffraction intensity of the organic components as well as their intense rotating
motion, we could not resolve their distributions. It is worth mentioning that the crystal growth
was tried with varying ratios of EA+/MA+ from 1:2 to 2:1 but cubic crystals were only obtained
when the ratio was larger than 1:1. When the ratio reached 2:1, the powder XRD of as-grown
crystals showed several weak diffraction peaks in addition to the cubic crystal diffraction
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pattern, indicating probable phase separation (Figure 3.3). Herein, the current prelimilary
study will be focused on crystals grown with the 1:1 EA+/MA+ ratio, from which we obtained
high-quality single crystals exhibiting a pure diffraction pattern.
Table 3.1 single crystal data, experimental details and refinement details of the cubic

single crystal.
Name

Hybrid perovskites

Crystal data
Chemical formula

EAxMA1-xPbI3

Mr

587.90

Crystal

system, Cubic, Pm-3m

space group
Temperature (K)

298

a (Å)

6.31994 (12)

V (Å3)

252.43 (1)

Z

1

Radiation type

Mo Kα

µ (mm−1)

25.79

Crystal size (mm)

0.25×0.25×0.15
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Data collection
Diffractometer

SuperNova,

Dual,

Cu

at

zero,

Atlas

diffractometer
Absorption

Multi-scan

correction

CrysAlis PRO, Agilent Technologies, Version 1.171.37.35h (release 0902-2015 CrysAlis171 .NET) (compiled Feb 9 2015,16:26:32) Empirical
absorption correction using spherical harmonics, implemented in
SCALE3 ABSPACK scaling algorithm.

Tmin, Tmax

0.568, 1.000

No. of measured, 3872, 98, 98
independent

and

observed [I ≥ 2u(I)]
reflections
Rint

0.136

(sin θ/λ)max (Å−1)

0.694

Refinement
R[F2

>

2σ(F2)], 0.036, 0.093, 0.97

wR(F2), S
No. of reflections

98
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No. of parameters

3

Δρmax, Δρmin (e Å−3)

1.40, −1.73

Figure 3.3 XRD patterns of ground powders from single crystals grown with recipes

of different EA/MA ratios rather than 1:1. Unidentified, impure diffraction peaks
are also marked with arrows. The calculated XRD pattern from the cubic single
crystal data is also shown for comparison. It is clear that neither higher nor lower
ratios of EA/MA than 1:1 can yield pure cubic crystals.

To determine the exact ratio of MA+/EA+ in the cubic crystal, we first carried out the
elemental analysis with a CHN analyzer. Average mass fractions of 1.72% and 2.20% for C and
N, respectively, were measured for MAPbI3 crystal powders. The measured values agree
(within error) with theoretical values. As for the cubic crystal, the values are 2.04% and 2.19%
for C and N, respectively, from which we can estimate a ratio of 0.23 for EA+/MA+. To further
confirm the composition, we used liquid

13

C and 1H nuclear magnetic resonance (NMR)
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spectroscopy by dissolving the crystals in deuterated dimethyl sulfoxide (DMSO), as shown in
Figure 3.4. From the 13C NMR spectra, we can identify three 13C species in the cubic sample,

yet only one in the tetragonal sample. The single peak in the tetragonal sample overlaps with
one of the three peaks in the cubic one. The nubmer of the carbon peaks agrees well with the
corresponding proportions of carbon species in EA+ and MA+, confirming the existence of both
MA+ and EA+ in the cubic crystals. 1H NMR was then used to characterize the composition
quantitatively. The 1H peaks belonging to –CH3 and –CH2- in EA and MA are listed on the graph.
The integration of these peaks yields a ratio of A: B: C = 1.00: 0.68: 5.00. The ratio of A/B agrees
well with the ratio of proton populations of –CH3 and –CH2 in EA+, and the ratio of A/C
demonstrates a 1:5 ratio of EA/MA, in good accordance with the CHN analysis result. In light
of this now well-defined composition, we use the formula EA0.17MA0.83PbI3 hereafter to refer
to the cubic crystals.

Figure 3.4 Left: 1 H NMR spectra of the cubic and tetragonal samples. The species of

the 1 H peaks are listed. Right: 13 C NMR spectra of tetragonal (upper) and cubic (lower)
crystals in DMSO. Three carbon species can be identified in the spectrum of the cubic
sample, one of which overlaps with the only peak in the spectrum of tetragonal one.
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3.4

Characterizations of Optoelectronic and Thermal Properties

We extracted a bandgap of 1.58 eV for EA0.17MA0.83PbI3 from its diffuse reflectance
spectrum (Figure 3.5). The photoluminescence (PL) spectrum of the crystal is also shown.
Notably, negligible changes are observed in both absorption and PL spectra compared with
MAPbI3 (see Figure 3.5). From the perspective of light absorbing capability, EA0.17MA0.83PbI3
still holds potential as a suitable photovoltaic material.

Figure 3.5 Absorbance spectrum (calculated from its diffuse reflectance spectrum)

and PL spectrum of MAPbI 3 and EA 0.13 MA 0.87 PbI 3 crystal powders. The inset shows
the Kubelka-Munk function of the diffuse reflectance spectrum of EA 0.13 MA 0.87 PbI 3
sample, indicating a bandgap of 1.58 eV.

We then sought to verify whether EA0.17MA0.83PbI3 exhibits a phase transition similar to
that of MAPbI3, considering the similarity of both crystals.55 We explored this issue through
temperature-dependent XRD. The XRD patterns of EA0.17MA0.83PbI3 crystal powders were
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acquired under varying temperatures from 80 to -130 ℃. As shown in Figure 3.6, it is clear that
EA0.17MA0.83PbI3 retains its cubic structure over temperatures ranging from 80 to -30 ℃,
showing a constant diffraction pattern. However, at temperatures below -30 ℃, the diffraction
features of a tetragonal crystal, i.e. diffraction peaks of (112) and (213) planes, as well as the
split peaks of (004) and (220) planes, gradually emerge.57 This finding suggests the existence
of a phase transition for EA0.17MA0.83PbI3 at ~ -30 ℃. This temperature is much lower than that
of MAPbI3 at ~57 ℃. This higher phase stability can be related to the large size of EA, which
results in the expansion and less deformability of the Pb-I framework.

Figure 3.6 temperature-dependent XRD of EA 0.17 MA 0.83 PbI 3 crystal powders

examined from -130 to 80 °C
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A higher thermal stability can be expected in EA0.17MA0.83PbI3 compared to MAPbI3,
considering the different volatility of EA and MA. To confirm our hypothesis, we prepared thin
films of two different compositions (with and without EA) using the toluene-dripping method.54
The EA-incorporated precursor solutions were prepared with the same ratio of EA/MA as in
EA0.17MA0.83PbI3 (see Experimental Details). The as-prepared thin films were then annealed at
85 ℃ for 24 h in a glovebox filled with N2. The films before and after annealing were checked
with XRD (Figure 3.7). As expected, the EA-incorporated perovskite film before the annealing
shows the same diffraction pattern as that of EA0.17MA0.83PbI3 crystal powders. Scanning
electron microscopy (SEM) shows that both thin films comprise grains with similar sizes (Figure
3.7), ruling out the factor of grain sizes influencing the comparison on the intrinsic thermal

stability of both materials. After a 24 h annealing, both thin films show the diffraction of PbI2
(~12.7°), indicating the temperature-induced decomposition of perovskites into PbI2. When we
compare the two normalized diffraction patterns, we notice that the diffraction of PbI2 in the
MAPbI3 film is more intense, exhibiting a PbI2/perovskite diffraction intensity ratio of (22.3±8.2)%
compared to (9.8±2.4)% for EA0.17MA0.83PbI3. This finding clearly demonstrates the higher
intrinsic thermal stability of EA0.17MA0.83PbI3 over the widely-applied MAPbI3.
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Figure 3.7 XRD patterns (top) of EA 0.17 MA 0.83 PbI 3 (a) and MAPbI 3 (b) thin films

before and after 24 h annealing at 85 °C and their SEM images before annealing
(bottom).

MAPbI3 single crystals were previously reported with long carrier lifetimes, moderate
carrier mobilities, and low trap densities, which are crucial parameters for optoelectronic
applications.44-45 We, therefore, used transient absorption (TA) spectroscopy to study the
dynamic properties of the charge carriers in EA0.17MA0.83PbI3. The TA signal of the excited state
absorption was captured at 850 nm in transmission mode to reduce the contribution from
surface defect states. The TA spectra of both the EA0.17MA0.83PbI3 and the MAPbI3 single
crystals are shown in Figure 3.8a. A double-exponential decay can be fitted to both curves. The
fast decay component has been ascribed to the crystal’s surface contribution, while the slow
component was considered as the contribution from the bulk.45 Surprisingly, EA0.17MA0.83PbI3
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exhibits a bulk lifetime as long as ~2000 ns, which constitutes a nearly 10-fold improvement
compared to those in MAPbI3, as we show here (~300 ns) and as was also reported in several
previous works.44-45 We also carried out surface-sensitive PL decay measurements on the
EA0.17MA0.83PbI3 crystal (Figure 3.8b) and revealed a relatively shorter carrier lifetime of ~ 300
ns, possibly due to the presence of abundant defects on the crystal surface originating from
the drying of surface-detained precursor solution and ambient attacking factors.45

Figure 3.8 a) TA kinetics of MAPbI 3 and EA 0.17 MA 0.83 PbI 3 single crystals. The time

constants of the fitting are listed. b) PL lifetime of an EA 0.17 MA 0.83 PbI 3 single crystal.

We then used the space charge limited current (SCLC) method to gain insights into the
defect states of EA0.17MA0.83PbI3. The current-voltage (I-V) curve was measured from a holeinjecting device structure, Au/single crystal/Au, and an electron-injecting device, Au/Ti/single
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crystal/Ti/Au. As shown in Figure 3.9, three distinct regions can be identified in the I-V curve
(in log scale): a Ohmic region with the order n = 1, a trap-filling limited (TFL) region with n > 3,
and a Child region with n = 2. The voltage marking the transition from the Ohmic region to TFL
region, VTFL, is used to calculate the trap densities close to the VBM and the CBM,58 which are
~1.57 × 1010 cm-3 and 8.3 × 1010 cm-3, respectively, according to the equation: 𝑉JKL =
𝑒𝑛O 𝐿Q 2𝜀𝜀R , where e is the elementary charge, nt is the trap density, L is the thickness of the
crystal between two Au electrodes, ε is the relative dielectric constant (using the value 70 of
MAPbI359), and ε0 is the dielectric constant of vacuum. Average trap densities of (3.3±0.5) ×
1010 cm-3 and (8.0±0.5) × 1010 cm-3 near the VBM and the CBM, respectively, were calculated
based on 5 different crystals. The values are in the same order of magnitude of those of
MAPbI3 (see our results of MAPbI3 in Figure 3.9 and also previous reports42, 45), demonstrating
the high quality of this new material.

Figure 3.9 The I-V curves of different crystals with different device structures (as

the inset schemes illustrate). The extracted mobilities and trap densities are also
listed.
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From the Child region, we can extract the carrier mobility with the equation: 𝐼 =
9𝜀𝜀R 𝑆𝜇𝑉 Q 8𝐿V , where S is the area of the electrodes and μ is the mobility.58 The average hole
mobility and electron mobility were calculated to be (636±201) cm2V-1s-1 and (17±5) cm2V-1s-1,
respectively. The electron mobility is similar as that of MAPbI3, while the hole mobility is
strikingly improved by almost one order magnitude (see Figure 3.9). This result may also be
explained by the fine tuning of the electronic band structure through crystal structure
engineering.60 Here, we need to point out the uncertainty of this calculated mobility resulting
from the undetermined value of ε for EA0.17MA0.83PbI3, which should vary due to the partial
replacement of MA with EA. But it is also worth noting that the variation will not exceed one
order of magnitude, considering extreme values of 140 or 35 instead of 70 for ε, which is
indeed a large variation for hybrid perovskites. Complementarily, we measured the Hall effect
mobility of the EA0.17MA0.83PbI3 crystal and obtained a relatively smaller value of ~20 cm2V-1s-1
for holes (see Figure 3.10), possibly due to surface defects. It is worth mentioning that the
lower bound of the diffusion length estimated with the worst cases of mobility (20 cm2V-1s-1)
and lifetime (300 ns) is 4 μm, still comparable with that of MAPbI3 single crystals.45 Therefore,
although more detailed studies on the transport properties of EA0.17MA0.83PbI3 are required for
better understanding, EA0.17MA0.83PbI3 holds great potential as an outstanding photovoltaic
material.
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Figure 3.10 Log sheet of the Hall Effect measurement, measured with a Nanometrics

HL5500 Hall system. The resistivity, measured using the 4-probes technique,
confirms the findings previously reported in the literature. The solid appears to be
p-type, as shown from the Hall Effect coefficient RHs. The measured Hall mobility is
18.6 cm 2 V -1 s -1 . The measurement conditions: magnetic field intensity (0.504 T),
temperature (300.6 K), target voltage (40 mV). These conditions are noted on the
log sheet. Given the high resistivity of the sample, the Nanometrics HL5500 was
used in a configuration that includes a current amplifier.
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3.5

Discussion

In contrast with the MAPbI3 with a small unit cell of a high symmetry, it was previously reported
that EAPbI3 crystallizes in a 2D structure with a large orthorhombic unit cell.52 The lower
diemnsional structure is a result of the large size of EA+, ~ 274 pm, compared to 217 pm for
MA+, resulting in a tolerance factor of 1.030 that is slightly out of the empirical range (0.8–1.0)
to obtain a stable 3D perovskite structure.61 In the present case, however, a relatively large
fraction of EA+ cations self-assemble with MA+ to form a 3D crystal in the cubic phase.
Considering that the size of EA+ is close to the upper limit to satisfy the tolerance factor range,
we propose that the two lattice-distortion factors, including the relatively small size of MA+
that causes lattice contraction and the relatively large size of EA+ that causes lattice dilation,
coordinately result in a decrease of the Gibbs free energy of the lattice, and can thus lead to
the formation of a stable 3D Pb-I framework with a high symmetry.
This proposed formation mechanism of the high-symmetry crystal structure for
EA0.17MA0.83PbI3 also suggests its higher crystal stability over MAPbI3, which is supported by
the temperature-dependent XRD and thin film thermal stability test results. The engineered
crystal structure can be further taken as a partial reason for the improved carrier dynamic
properties. To explain the improvement of the carrier lifetime in EA0.17MA0.83PbI3, we tracked
back the possible origins of long carrier lifetimes in MAPbI3. First, a dynamic band structure of
MAPbI3 was described in a recent computational study, which showed the transition of the
bandgap from direct to indirect with the orientation of MA+ changing from (111) to (011).62
Along with the fast rotating motion of MA+ in MAPbI3,56, 63 such a dynamic scenario would
suppress carrier recombination. It is then reasonable to speculate that the motion of MA+ in a
larger cubic unit cell (as in EA0.17MA0.83PbI3) would be more intense than in a distorted
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tetragonal unit cell (as in MAPbI3),56 and would, therefore, enhance such a dynamic
phenomenon and further probably lead to the lifetime improvement. Second, spin-orbit
coupling (SOC), a crucial factor influencing the electronic properties of hybrid perovskites,
induces the Rashba effect.60, 64 Such an effect shifts the valence band maximum (VBM) or
conduction band minimum (CBM) away from a symmetry point of the Brillouin zone, and
results in a decreased charge-carrier recombination rate. It was further found that SOC would
be enhanced in a higher-symmetry crystal.60 From this aspect, EA0.17MA0.83PbI3 may also
express a longer carrier lifetime due to its improved symmetry. In all, the fine tuning of the
crystal structure may have led to the improved carrier dynamic property, but we do nott rule
out other possible origins such as the influence of the organic cations’ dipole moments on the
formation of ferroelectric nanodomains that have been suggested to aid photocarrier
separation.
As mentioned earlier, this study was mainly focused on the crystals grown using the
precursor of a fixed MA/EA ratio, 1:1. We determined the composition of the final products by
showing a ratio of 5:1 for MA/EA. The different ratios of EA/MA in the final products and the
precursors should originate from the crystallization dynamics, i.e. regarding the free energy of
the crystallization system that will be affected by the precursor ion concentrations and the
targeted crystal structures. Then whether there exists a most stable crystal system with the
lowest system free energy becomes an interesting question to be pursued. In other words,
how the distribution of EA in the MAPbI3 crystal lattice, including the amount and the location,
will impact the crystal structure and properties requires future in-depth study.

3.6

Summary
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So far, several engineering routes of hybrid perovskites have been reported, such as cation
alloying and halide alloying. However, most of the alloying choices have been limited to a few
well-studied 3D perovskites, i.e. FA- and MA- based lead halides. This work opens a new
direction in the crystal engineering of hybrid perovskites by revealing a strategy to incorporate
relatively large cations such as EA+, in the 3D lattice of MAPbI3, through balancing lattice strains.
This finding suggests that the library of 3D alloy perovskites can be widely expanded by
introducing other large organic cations that may not form stable 3D perovskite structures by
themselves. The degrees of freedom provided by employing large organic cations opens
intriguing possibilities to tune the structures and properties of the existing well-studied MAand FA-based perovskites, such as improving their moisture stability with an aprotic organic
ion (CH3)4N+, while retaining their outstanding optoelectronic properties.
It would be quite attractive to develop extensive and in-depth research works based on the
present study. First, the potential choices of organic cations for alloy are vast. Fine-tuning the
optoelectronic properties of hybrid perovskites through alloying different large organic cations
is an interesting topic. It would be beneficial not only for developing novel, attractive materials
but also for understanding the interplays of properties and structures in hybrid perovskites.
Second, the present study has only reported some preliminary results of the charge carrier
lifetime and mobility, an extended study on such as the alloy crystals’ ferroelectricity,
electronic band structures would also be quite attractive. Third, despite some probable
mechanisms being proposed to explain the significant increment of the carrier lifetimes in our
alloy crystals, it is worth to verify them through simulation work and more precise single crystal
structure determination (e.g. neutron diffraction) to determine the relation between the
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organic cation rotation and the carrier dynamics. Last, applying the alloy perovskites in
practical devices is also intriguing, which requires tremendous work in the future.
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Chapter 4. Ultralow Self-Doping in 2D Hybrid Perovskites
The development of traditional semiconductor research is closely correlated with the
semiconductor purity level controllability.65 One most concerned role of impurities in
semiconductors is unintentional dopants, which cause unwanted Fermi level shift, formation
of in-gap states, and electronic noise.65-66 From the respect of optoelectronic device fabrication
and operation, unintentional doping deeply affects junction properties and thus device
performance. Furthermore, due to its uncontrollability, unintentional doping can cause
reproducibility problems. In solution-processed compound semiconductors, the situation is
more serious.67-68 Abundant point defects including interstitials and vacancies can form, of
which the shallow-energy-level species usually play as unwanted self-dopants. As a rising star
of solution-processed semiconductors for optoelectronic devices especially photovoltaics,
hybrid perovskites have been facing the same problem.66, 69-70 Specifically, in the currently
widely-used device scheme for perovskite solar cells, i.e. p-i-n heterojunction structure,
unintentional self-doping in the assumed intrinsic perovskite layer has profound impacts on
their working mechanism.71-72 For example, a large carrier density of the perovskite layer in
dark can reduce the depletion width while forming heterojunction with other active layers in
a solar cell, resulting in a reduced carrier extraction efficiency.71,
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In the field of

photodetectors, another type of optoelectronic devices that hybrid perovskites have been
intensively used for, unintentional doping is also detrimental by introducing electronic noise
to weaken their ability of detecting extremely weak signal.65, 74-75 Therefore, a plausible way to
reduce unintentional doping in hybrid perovskites is highly demanded for further advancement
of their optoelectronic devices.
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In this chapter, we herein report extremely low dark conductivity in 2D perovskite
PEA2PbI4 ･(MAPbI3)n-1 (PEA: phenethylammonium; MA: methylammonium; n=1, 2, 3) single
crystals. We ascribe the origin of the observed low conductivity to an extremely low self-doping
concentration (nearly four orders of magnitude lower than those in MAPbI3 and MAPbBr3) in
the 2D crystals after carefully examining all the potential factors experimentally and
theoretically. We propose that the low self-doping level should originate from a defectsuppressing crystallization process that is mediated by the large organic cation PEA. This
finding reveals a promising direction of advancing the efficiency of hybrid perovskite solar cells
through this crystallization mechanism. In the end, we also demonstrate the enormous
potential of PEA2PbI4･(MAPbI3)n-1 (n=1, 2, 3) single crystals for weak light detection as a result
of the extensively reduced electronic noise.

4.1

Experimental Details

Chemicals: Methylammonium iodide were purchased from Dyesol (Australia). All the other

chemicals and solvents were purchased from Sigma Aldrich and met ACS reagent grade.
Synthesis: PEA2PbI4 ･ (MAPbI3)n-1 (n=1, 2, 3) single crystals were grown using a previously

reported cooling method.20 Briefly, precursors containing lead oxide, methylammonium iodide,
and phenethylamine with specific ratios were dissolved in hydriodic acid (HI) solution (57%
w/w in water) at ~90 ℃. The solution was then slowly cooled to room temperature at a rate
of 1 ℃/hour. The ratios are 1.72 mmol: 0 mmol: 3.45mmol, 6 mmol: 18 mmol: 1 mmol, 10
mmol: 24 mmol: 1 mmol for n=1, 2, 3, respectively, in 30 mL HI solution. It is worth noting that
larger n-members (n>3) of this 2D perovskite family can be also grown but in a mixture form,
which should be caused by a large solubility difference between PEA and MA in the aqueous
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solution. MAPbI3 and MAPbBr3 single crystals were grown as previously reported.42 As-grown
crystals were rinsed with diethyl ether and then dried in vacuum.
Device fabrication: All the 2D perovskite single crystal-based devices were fabricated by simply

thermally evaporating 60 nm-thick Au electrodes on the freshly exfoliated crystal surface with
specific metal masks (patterns and dimensions were illustrated in the main article). The crystals
were attached onto glass substrates with double-side tape and then exfoliated by using the tip
of a blade to pry the crystal edge. For 3D perovskite devices, gold electrodes were directly
deposited on the fresh crystals. For four-point probe measurement, the 3D perovskite single
crystals were polished down to 200 µm using a M-Prep 6 manual polisher (Allied High Tech
Products, Inc., USA) with silicon carbide papers (600 grit to 60 grit). 2D perovskite thin films
were deposited by simply spin-coating 0.5M stoichiometric solution in DMF on glass substrates.
The thin film devices were also fabricated by thermally evaporating Au electrodes on the
surface.
Characterization: XRD was carried out with a Bruker D8 Advance using a Cu Kα1 (λ = 1.5406 Å)

source, a step size of 0.02 ° and a speed of 0.5 sec/step. The absorption spectra were captured
by measuring the diffuse reflectance spectra of crystal powders using a Cary 5000 (Agilent
Technologies). The sample for diffuse reflectance measurement was prepared by mixing the
crystal powders with freshly dried KBr powders in a weight ratio of 1:100. The PL spectra were
collected using an Aramis Raman Spectroscopy (Horiba Scientific, USA) with a 473 nm laser.
Time-resolved PL spectra were captured with a high-resolution streak camera (Hamamatsu
C10910). SEM images were captured with a Quanta-600 (FEI). Optical microscopy images were
acquired with an Olympus BX61 microscope. I-V measurements were carried out in a CPS-196
cryogenic probe station (TPS Inc., Taiwan) with a Keithley 4200 equipped with remote pre-
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amplifiers. To measure the extremely low dark current, a large delay factor and filter factor
were used to ensure stabilization and low noise of measured current. For photoresponsivity
measurement, a xenon light source (350-700 nm) was used. The intensity was controlled
through varying the power of the lamp and neutral density filters, and was calibrated with a
power meter. For temperature-dependent measurement, the temperature was controlled
through a Lake Shore 336 temperature controller with liquid nitrogen.
DFT Calculation: Crystal structure optimization and electronic band calculation were

performed using DFT implemented in the PWSCF code of the Quantum ESPRESSO package.
The exchange-correlation energy was approximated using the generalized gradient
approximation (GGA) proposed by Perdew-Burke-Ernzerhof (PBE). Electron-ion interactions
were described by ultrasoft pseudopotentials including scalar-relativistic or full-relativistic
effects through explicitly treating electrons for H (1s1), N and C (2s2, 2p2), I (5s2, 5p2), and Pb
(5d10, 6s2, 6p2). Single-particle wave functions (charges) were expanded on a plane-wave basis
set up to a kinetic energy cutoff of 50 Ry (300 Ry) for all hybrid perovskites. Monkhorst-Pack
type K-meshes of 6 × 6 × 6 for the tetragonal-phase MAPbI3 and 6 × 6 × 2 for PEA2PbI4 ･
(MAPbI3)n-1 (n = 1, 2, 3). The crystal structures were fully relaxed until the total force on each
atom was less than 0.01 eV/Å. The effective masses for both electron and hole were calculated
by fitting of the dispersion relation of 𝑚 = ℏ

XY Z [
X[ Y

\]

from electronic bands along the

direction Γ-F; and the deformation potential was estimated by the equation of 𝐸_ =
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Fundamental structure and optical characterization
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Figure 4.1 As-grown (top) and exfoliated (bottom) (PEA) 2 PbI 4 ･(MAPbI 3 ) n-1 (n=1,
2, 3) crystals.

As-grown (PEA)2PbI4･(MAPbI3)n-1 (n=1, 2, 3) crystals show lamellar topography and a colordarkening trend with n increasing, as shown by the photos of the crystals in Figure 4.1. To
character the crystal structure, we first carried out XRD directly on the exfoliated crystal
surface (Figure 4.2). According to previous reports on the crystal structures of (PEA)2PbI4･
(MAPbI3)n-1 (n=1, 2), the diffraction patterns of n=1 and 2 samples can be indexed as shown in
Figure 4.2. The indexing confirms an in-plane orientation of the PbI6 sheet along the exfoliated

surface, as illustrated in Figure 4.2. Powder XRD patterns of n=1 and 2 samples are also shown
in Figure 4.2 and match with the calculated patterns from their reported single crystal
structures.76 Furthermore, the lattice distance of the first diffraction peak in all three patterns
are calculated to be 1.651 nm, 2.281 nm, and 2.812 nm for n=1, 2, 3 samples, respectively,
showing a step increase of ~0.6 nm. This increment corresponds to the thickness of a single
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PbI6 sheet, thus demonstrating the correct assignment of the structure for n=3 sample (Figure
4.2).

The Photoluminescence (PL) and absorption spectra of (PEA)2PbI4･(MAPbI3)n-1 (n=1, 2,
3) single crystals are presented in Figure 4.3, showing a continuous bandgap decrease from 2.4
eV for n=1, to 2.2 eV for n=2, and further 2.0 eV for n=3. The bandgap evolution resembles
those of other 2D lead iodide perovskites since the electronic states of Pb and I dominate the
band edge states.20, 77

Figure 4.2 a) XRD patterns of freshly exfoliated (PEA) 2 PbI 4 ･(MAPbI 3 ) n-1 (n=1, 2, 3)
single crystals and b) illustration of their corresponding crystal structures. c), d),
e) are their powder XRD patterns.
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Figure 4.3 UV-Vis absorption spectra (top) and PL spectra (bottom) of
(PEA) 2 PbI 4 ･(MAPbI 3 ) n-1 (n=1, 2, 3) crystals.

4.3

Electrical Characterizations
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Figure 4.4 Dark I-V curves of a) PEA 2 PbI 4 ･(MAPbI 3 ) n-1 (n=1, 2, 3), b) MAPbBr3, and
c) MAPbI3 single crystals. The device structure is illustrated in the inset of a).

Simple in-plane devices based on the 2D perovskite single crystals were fabricated by thermally
evaporating a pair of 60 nm-thick gold electrodes on the freshly exfoliated crystal surface
through a metal shadow mask. The device structure is illustrated in the inset of Figure 4.4. All
the devices show Ohmic conduction behavior but strikingly low dark current on the level of 1013

A (see Figure 4.4). In contrast, devices of MAPbI3 and MAPbBr3 single crystals using the same

device structure show five-orders-of-magnitude-larger dark currents (Figure 4.4). To measure
the resistivity precisely, we carried out four-point probe measurement. Details of the
measurement can be found in the Experimental Details. The measured sheet resistivity, Rsheet,
of the 5 crystals, (PEA)2PbI4･(MAPbI3)n-1 (n=1, 2, 3), MAPbBr3, MAPbI3, are plotted in Figure 4.5.
It is worth pointing out that the calculation in both cases, 2D and 3D perovskites, is based on
an equation 𝑅hijjO = 𝜋 ln 2 ∙ 𝑉 𝐼, where V is the measured bias drop between the two inner
probes and I is the injected current of the outer electrodes.78 This equation is derived for a
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model based on infinite 2D sheets. The model is applicable to both types of perovskites
considering that carrier transport in 2D perovskites is restricted to the surface (see Figure 4.5)
while the 3D perovskite single crystals for the measurement were polished down to 200 µm
(compared to the probe distance of 1 mm), resulting in a correction factor close to one using
this model.78 From the data in Figure 4.5, we can hence conclude a dramatic conductivity
difference between the 3D and 2D perovskites.

Figure 4.5 a) the measured sheet resistivity of (PEA) 2 PbI 4 ･(MAPbI 3 ) n-1 (n=1, 2, 3),
MAPbI 3 , and MAPbBr 3 in the dark using the four-point probe method as illustrated
in the inset. b) Out-of-plane resistivity measurement of the 2D perovskite single
crystals. The data shown here is measured in the PEA 2 PbI 4 single crystal and similar
n=2 and 3. Such a large resistivity is mainly the result of the weak van der Waals
force among perovskite layers.

Conductivity is an important and complex property of semiconductors, which contains
information of the free carrier concentration and carrier mobilities.68 The latter is further
determined by the carrier scattering frequency during transport and electron/hole effective
masses. Their relation is expressed as: 𝜎 = 𝑛𝑒𝜈 = 𝑛𝑒 Q 𝜏 𝑚∗ , where 𝜎 is the conductivity, n is
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the carrier density, 𝜈 is the electron/hole mobility, e is the elementary charge, 𝜏 is the carrier
relaxation time, and 𝑚∗ is electron/hole effective masses. It is then clear that the factors that
would make a difference to the conductivity of 3D and 2D perovskites are n, 𝜏, and 𝑚∗ . Nearly
four-orders-of-magnitude difference in conductivity signifies a substantial variation of these
three parameters while reducing the dimension of lead halide hybrid perovskites from 3D to
2D. Furthermore, since these three factors are correlated with other important properties of
a semiconductor such as defect densities and band structures, it is of great significance to look
into the contributions of the three factors in the conductivity evolution from 3D to 2D
perovskites.
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Figure 4.6 a) calculated band structures and b) projected density of states of
(PEA) 2 PbI 4 ･(MAPbI 3 ) n-1 (n=1, 2, 3).

First of all, electron/hole effective masses are an intrinsic property of semiconductors,
which are solely determined by the band structure. We therefore calculated the band
structures of (PEA)2PbI4 ･ (MAPbI3)n-1 according to their single crystal structures using the
density function theory (DFT). Calculation details can be found in Experimental Details. As
shown in Figure 4.6, the calculated bandgaps are 2.3 eV (n=1), 2.1 eV (n=2), and 1.9 eV (n=3),
respectively, without considering spin-orbit coupling (SOC), agreeing well with our
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experimental values deduced from the absorption spectra. Similar to MAPbI3, the valence band
maximum (VBM) of 2D hybrid perovskites consists of both Pb-6s and I-5p states and
conduction band minimum (CBM) is mainly composed of Pb-6p state (see the projected density
of states in Figure 4.6). Once SOC effects were included in band calculation, the bandgaps are
considerably reduced to 1.43 eV (n=1), 1.2 eV (n=2), and 0.91 eV (n=3) due to band splitting;
but band curvatures are almost unchanged and so as the effective masses. This is in accordance
with previous reports.77 The extracted values of electron/hole effective mass (m*e/h) along Γ-F
direction are 0.208/0.604, 0.198/0.391, 0.214/0.232 for n=1, 2, 3, respectively. Although the
charge carrier transport is limited in the 2D perovskite plane, the balanced hole and electron
effective masses of 2D perovskites are comparable to those of MAPbI3, as shown by the
calculation of MAPbI3 band structure in Figure 4.7 and Table 4.1, which has also been pointed
out in recent studies.77 This indicates that effective masses can be ruled out as the major
contribution to the conductivity difference of 2D and 3D perovskites.

Figure 4.7 The calculated band structure of MAPbI 3 .

77
Table 4.1 Calculated effective mass (m*) and deformation potential (E I ) of n = 1, n =

2, n = 3, and MAPbI 3 .
Compounds

n=1

n=2

n=3

CH3NH3PbI3
0.178 (Γ-X)

0.278 (ΓElectron

0.198 (Γ-F)

0.214 (Γ-F)

0.284 (Γ-Z)

F)
Effective

0.129 (Γ-M)

mass (×m0)

0.261 (Γ-X)
0.604 (ΓHole

0.391 (Γ-F)

0.232 (Γ-F)

0.474 (Γ-Z)

F)
0.284 (Γ-M)

Deformation

Electron

8.477

8.763

9.521

11.967

Potential (eV)

Hole

7.654

7.752

8.089

9.293

The second factor, relaxation time 𝜏, is defined by the average free time of flight of a
carrier between two scattering events. Among various scattering sources, ionized impurities
and phonons are usually the major scatters.68 Furthermore, in the context of single crystals
without intentional doping and at room temperature where we carried out the resistivity
measurement, phonon scattering should be the major factor of limiting carrier mobilities.79-80
Electron-phonon coupling has been previously explored in both 3D and 2D lead halide hybrid
perovskites through temperature-dependent PL linewidth broadening study.81-82 Solid
arguments supporting the phonon scattering as the dominant scattering mode in both 3D and
2D perovskites were provided by these studies. Here, the scattering by longitudinal acoustic
phonons was estimated by the deformation potential theory, which has been used to provide
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reliable estimation of the electron-phonon scattering strength. As shown in Table 4.1, for both
2D and 3D hybrid perovskites, the deformation potentials of electrons are larger than holes.
Interestingly, the deformation potentials increase with the number of perovskite sheets
increasing, confirming that lowering the dimension of a hybrid system lowers the deformation
energy.83 Furthermore, the deformation potentials of both 3D and 2D perovskites are within
the same order of magnitude, suggesting their comparable electron-phonon scattering
strength.
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Figure 4.8 Simulation of the conductivity behavior by considering only the carriers
from dopants and band-to-band thermal-excitation and temperature dependence
of electron-phonon scattering. It is worth noting that the simulation result is not
the real conductivity value since a constant related to the real mobility value and
other temperature-irrelevant constants are ignored to simplify the consideration
on the temperature dependence of conductivity. In the simulation equation, 𝑁q ∗
𝑒 \Zr ⁄Q[J is the carrier density contributed by dopants, where N d is dopant
concentration, E d is the dopant activation energy, k is Boltzmann constant, T is
temperature. It is worth noting that this expression is a rough estimation but can
provide a reasonable prediction of the trend. (𝑚∗ ⁄𝑚R )V⁄Q ∗ (𝑇⁄300)V⁄Q ∗ 2.5 ∗
10]v ∗ 𝑒 \Zw ⁄Q[J is band-to-band excitation contributed carriers, where the preconstant is considering only the excitation of electrons at the valence band top,
𝑚∗ is electron effective mass, 𝑚R is the electron mass, and E g is the band gap. T 3/2

describes the temperature dependence of carrier mobility through electron-

phonon scattering.
Combining the above discussion on m* and 𝜏 , we can reasonably conclude that
comparable carrier mobilities are expectable in both MAPbI3 and (PEA)2PbI4･(MAPbI3)n-1 (n=1,
2, 3). Indeed, carrier mobilities in 2D perovskite thin films have been measured to show
comparable values as those of MAPbI3 thin films.19, 38, 84-85 Therefore, it is reasonable to infer
that the last factor, carrier density n, should be mainly responsible for the conductivity
difference between 3D lead halide perovskites and (PEA)2PbI4 ･(MAPbI3)n-1 (n=1, 2, 3). The
sources of free carriers under thermal equilibrium can be divided into two parts: intrinsic
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carriers from thermal excitation of electrons from VBM to CBM, and extrinsic carriers by
thermal excitation of electrons from (to) extrinsic donors (acceptors). In the context of hybrid
perovskite single crystals, unintentionally introduced shallow defect states should play the
major doping role.66, 70 To figure out the carrier sources in the single crystals under discussion,
we first carried out a simple simulation by considering the temperature dependence of
conductivity in semiconductors while assuming several sets of parameters including the
dopant concentration Nd, the dopant activation energy Ed, and the bandgap Eg.86 As shown in
Figure 4.8, the ln 𝜎 (conductivity)-1/T (temperature) curve of a semiconductor shows two

distinct regions: an intrinsic region at high temperatures where intrinsic carriers dominate
conduction and an extrinsic region at low temperatures where extrinsic carriers dominate
conduction. From the high-temperature intrinsic region, a linear fitting can be used to extract
the bandgap according to 𝜎 ∝ 𝑒 \Zw

Q[J

(k is Boltzmann constant). Due to a factor of T-3/2

resulted from electron-phonon scattering-affected carrier mobility, the conductivity in the
low-temperature extrinsic region has a complex dependence on 1/T following 𝜎 ∝ 𝑇 \V
𝑒 \Zr

Q[J

Q

∗

. A general trend at low temperatures is that the absolute slope of ln 𝜎-1/T curve

increase significantly as the dopant activation energy increases. In addition, the onset
temperature of the intrinsic region for a semiconductor with a bandgap larger than 1.5 eV is
usually much larger than 300 K. Therefore, it is reasonable to speculate that in both the 3D and
2D perovskites the dominant carriers at room temperature are extrinsically from dopants.
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Figure 4.9 temperature-dependent conductivity (normalized) of MAPbI 3
and PEA 2 PbI 4 single crystals.

To verify the extrinsic nature of carriers in the perovskites under study, we measured
temperature-dependent conductivity of PEA2PbI4 and MAPbI3 single crystals. As shown in
Figure 4.9, the conductivity of PEA2PbI4 only varies slightly with temperature from 300 K down

to 100 K. This finding clearly demonstrates that the conductivity of PEA2PbI4 at room
temperature is dominated by extrinsic carriers, and further that the dopants should lie within
a shallow energy level relative to band edges. In contrast, MAPbI3 shows much steeper
conductivity reduction with temperature decreasing. By simply fitting linear regions, the
extracted slope can be used to estimate the dopant activation energy from 𝜎 ∝ 𝑒 \Zr

Q[J

. As

shown in Figure 4.9, Ed extracted for MAPbI3 has a relatively broad distribution from
approximately 0.24 eV down to 0.03 eV while for PEA2PbI4 only a shallow energy level of 0.004
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eV exists. A more accurate way is fitting through 𝜎 ∗ 𝑇 V

Q

∝ 𝑒 \Zr

Q[J

but also gives similar

values. The estimation of Ed is not accurate though, a distinctive contrast between the energy
levels of the dominant dopants in PEA2PbI4 and MAPbI3 is obvious. Indeed, a similar conclusion
that the dominant shallow defects in MAPbI3 single crystals distributing within 0.2 eV relative
to band edges has been also obtained through temperature-dependent space-charge limited
current analysis.58 This result also confirms our conclusion that it is a tremendous gap (more
than three orders of magnitude) between the dopant concentrations of 3D and 2D perovskites
that have resulted in the observed significant conductivity difference between them.
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Figure 4.10 a) the conductivity evolution of PEA 2 PbI 4 single crystals while storing
in ambient condition. The inset illustration describes the mechanism of this
conductivity evolution (orange part represents the crystal while the black part at
the fracture boundaries represents insulating decomposition products). b) The
evolution of XRD patterns (intensity in log scale) of exfoliated PEA 2 PbI 4 crystal
surface while storing in the air (50% RH), showing diffraction peaks of
decomposition products. The topography images of c) fresh and d) aged exfoliated
PEA 2 PbI 4 crystal surface by optical microscopy (left) and SEM (right).
There are also other important observations to support our conclusion on the critical
role of dopant concentration in the extremely low conductivity of the 2D perovskites. One of
them is the evolution of their conductivity with the device storage time (in ambient condition).
As shown in Figure 4.10, the conductivity of PEA2PbI4 shows approaching two-orders-ofmagnitude increase during the first 10 days of storage and subsequently decrease to an even
lower value than the initial after 30 days. This conductivity evolution can be related to the
perovskite degradation process. XRD confirmed the formation of PbI2 and PEA-related
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byproducts during storage (Figure 4.10). Both scanning electronic microscopy (SEM) and
optical microscopy further revealed that the decomposition caused the smooth exfoliated
crystal surface to degrade into a porous structure (Figure 4.10). The decomposition should
introduce considerable defects at the fracture boundaries, of which the shallow ones can act
as dopants to contribute excess free carriers and increase conductivity. However, as the
decomposition extent deepens, insulating byproducts would block the conductive channels,
resulting in the reduced conductivity eventually. The whole process is illustrated in the inset of
Figure 4.10a.

Figure 4.11 a) SEM, b) XRD, and c) I-V curve of spin-coated PEA 2 PbI 4 thin film.

2D perovskite thin films are expected to show a higher conductivity due to their
increased defect densities compared to single crystals. As shown in Figure 4.11, the spincoated thin film of PEA2PbI4 with a (002) crystallographic orientation (the same as its single
crystal) shows two orders of magnitude larger dark current (on the level of 10-11 A) than single
crystals. In the cases of (PEA)2PbI4 ･(MAPbI3)n-1 (n= 2, 3) thin films, the situation is quite
different since phase separation happens in the deposition process. As clearly shown in Figure
4.12, XRD and PL spectroscopy confirm the formation of both PEA2PbI4 and MAPbI3 phases.

The phase separation is possibly a result of the large solubility difference between PEAI and
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MAI. Consequently, these two films show even larger dark currents on the level of 10-8 A, which
is the conductivity behavior of MAPbI3 thin films (Figure 4.12).

Figure 4.12 XRD (intensity in log scale) of spin-coated a) n=2 thin film and d) n=3
thin film and PL spectra of b) n=2 thin film and e) n=3 thin film. I-V curves of spincoated c) n=2 thin film and f) n=3 thin film

Shallow defects have been known to cause I-V hysteresis in hybrid perovskite-based
optoelectronic devices.87-89 In sharp contrast to the serious hysteresis observed in MAPbI3 and
MAPbBr3 single crystal devices, all the fresh devices based on 2D perovskite single crystals
showed no hysteresis (Figure 4.13). However, hysteresis emerges in the decomposed 2D
perovskite devices (Figure 4.13), which is in agreement with the above-proposed
decomposition-defect mechanism. From the same consideration, PEA2PbI4 thin film-based
device also shows slight hysteresis, whereas devices of PEA2PbI4･(MAPbI3)n-1 (n= 2, 3) thin films
show large hysteresis (Figure 4.13). It is worth mentioning that under all circumstances, n=1
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2D perovskite has always shown the least hysteresis, which supports the theory of mobile MAdominant hysteresis characteristic. 87

Figure 4.13 I-V hysteresis behavior of devices based on a) fresh 2D perovskite
single crystals, b) 3D perovskite single crystals, c) aged 2D perovskite single
crystals, and d) 2D perovskite thin films.
As a summary of the above-presented results, a positive correlation between defect
density and conductivity is obvious. Here it is worth to point out that although we cannot
distinguish the different defect species and characterize their densities yet, it is still reasonable
to assume that an increase of the overall defect density will enrich the shallow defects, i.e.
potential dopants, to contribute free carriers. Therefore, the observed sharp contrast between
the conductivities of 2D and 3D perovskites can be probably traced to a defect-suppressing
crystallization mechanism of 2D perovskites. Specifically, according to previous defect
formation energy calculation in MAPbI3, both the shallow donor defect, interstitial MA+, and
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the shallow acceptor defect, MA+ vacancy, are shown to be two of the dominant dopants with
small formation energies, possibly a result of the weak interaction between MA+ and the Pb-I
framework.90-91 We propose that these defects can be effectively suppressed in (PEA)2PbI4･
(MAPbI3)n-1 due to larger steric hindrance and molecular mass of PEA compared with MA.
Furthermore, the formation of iodide-related defects can be also affected due to its hydrogen
bonding with the organic cation. Another plausible and more interesting explanation lies in the
organic-inorganic self-assembly nature of hybrid perovskite crystallization process, which can
be effectively controlled by choosing organic cations.4 Introducing large organic cations in the
hybrid perovskite system may lead to the growth of higher-quality crystals and reduction of
overall defect densities. To verify this hypothesis, an in-depth study of characterizing the
densities of various defect species is required, which is beyond the scope of the current paper.
Indeed, Herz’s group also inferred reduction of defect densities in PEA2PbI4･(MAPbI3)n-1 (𝑛 ≥
1) compared to MAPbI3 from the observation of improved carrier effective mobility in PEA2PbI4
･(MAPbI3)n-1.84

4.4

photoresponsivity characterizations

A direct consequence of the low dark current in PEA2PbI4･(MAPbI3)n-1 is that electronic noise
such as Nyquist noise and shot noise can be reduced accordingly.74 Noise is unwanted random
disturbance of a useful information signal in a communication electronic system. An important
example is a photodetector, in which the electronic noise level directly determines its
detectivity, namely the ability of resolving weak light signals. To demonstrate this point, we
carried out preliminary characterization of the PEA2PbI4 ･ (MAPbI3)n-1 crystals for
photodetection.
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Figure 4.14 a) dark (dashed line) and illuminated (solid line, approximately 0.1 mW
cm -2 white microscope light) I-V curves of PEA 2 PbI 4 ･ (MAPbI 3 ) n-1 (n=1, 2, 3),
MAPbI 3 , and MAPbBr 3 . b) wavelength-dependent photoresponsivity spectra of
PEA 2 PbI 4 ･(MAPbI 3 ) n-1 (n=1, 2, 3) at a fixed illumination intensity of 0.1 mW cm -2
and a bias of 5 V. c) illumination intensity-dependent photocurrent curves of the
three single crystal devices at an illumination wavelength of 500 nm and a bias of
5 V, and d) their corresponding photoresponsivity and EQE.
We first measure the photo-response of PEA2PbI4･(MAPbI3)n-1 (n = 1, 2, 3) using the simple
device structure as illustrated in Figure 4.4. Impressive light on/off photocurrent ratios
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approaching 105 (white light, 0.1 mW cm-2) are measured in 2D hybrid perovskites, in
comparison with merely ~30 for both MAPbI3 and MAPbBr3 (Figure 4.14). Despite smaller
photocurrents in the 2D perovskites, their larger on-off current ratios should be advantageous
for high-sensitivity photodetection. Wavelength-dependent photoresponsivity spectra of the
2D perovskites are shown in Figure 4.14, which match their corresponding absorption spectra.
Incident light intensity (Plight)-dependent photocurrent (Iphoto) of the devices at the wavelength
of 500 nm are presented in Figure 4.14. All the Iphoto-Plight curves show a power law relation:
R.•‚
R.‚Q
𝐼{i|O| ∝ 𝑃~•€iO
at low light intensity; and 𝐼{i|O| ∝ 𝑃~•€iO
at higher intensity. The dependence

of photocurrent on incident light intensity is determined by carrier recombination mechanisms
ƒ
in the device.92 The decrease of 𝛼 at high Plight in the relation 𝐼{i|O| ∝ 𝑃~•€iO
may suggest the

emergence of many-body recombination, possibly exciton-exciton interaction.93 In addition,
limited charge transport across perovskite layers hinders the collection of charge carriers that
are generated deep in the crystal, thus contributing to the decrease of 𝛼 as well. According to
the Iphoto-Plight data, we can calculate the photoresponsivity 𝑅{i (𝑅{i = 𝐼{i|O| 𝑃~•€iO ) and the
external quantum efficiency (𝐸𝑄𝐸 = 1240 ∗ 𝑅{i 𝜆, 𝜆 is wavelength in nanometer), which are
shown in Figure 4.14. Due to the sub-linear relation of Iphoto-Plight, 𝑅{i keeps rising until the
lowest-achievable Plight, reaching over 0.15 A/W (corresponding to 37.5% EQE) for all the three
devices. Higher responsivity is expectable under even weaker light judging from the trend. We
notice that the responsivity is much lower than previously reported in-plane photoconductors
based on 3D perovskites.94 Photoresponsivity of a photoconductor is determined by the transit
time (𝜏O‡ˆ‰Š‹Œ ) and the lifetime (𝜏~••j ) of photocarriers following 𝐺 = 𝜏~••j 𝜏O‡ˆ‰Š‹Œ (G is gain
and equal to 100 ∗ 𝐸𝑄𝐸). As a result of strong quantum and dielectric confinement in PEA2PbI4
･(MAPbI3)n-1,95-96 photo-generated electron-hole pairs are strongly bounded and have much
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shorter lifetimes, ~150 ps (Figure 4.15). The lifetimes of PEA2PbI4･(MAPbI3)n-1 are more than
three orders of magnitude shorter than those of 3D methylammonium lead halides, and should
be the major factor of restricting the photoresponsivity.

Figure 4.15 Time-resolved PL spectra of the 2D perovskite single crystals

Two major types of electronic noise, shot noise and Nyquist noise, would be reduced
as a result of the low dark current in the 2D perovskites.74 Shot noise in a photodetector is
determined by the dark current following an expression: 𝑖•,h =

2𝑒𝐼q 𝐵, where Id is the dark

current, and B is the bandwidth. Nyquist noise, or the also called thermal noise, is determined
by the resistivity and can be expressed as 𝑖•,O =
noise can be then calculated from 𝑖• =

4𝑘𝑇𝐵/𝑅, where R is resistivity. The total

Q + 𝑖 Q . A low noise level is critical for a
𝑖•,h
•,O

photodetector to resolve weak signals from noise and thus to gain a high specific detectivity
D*, which is calculated from 𝐷∗ = 𝐴𝐵 ∗ 𝑅{i 𝑖• , where A is the device area. The calculated
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D* reaches 1.1×1013, 7.2×1012, 8.6×1012 Jones for n=1, 2, 3, respectively. These values are
comparable with the highest reported so far for hybrid perovskite photodetectors.74

4.5

Summary

In summary, we revealed much lower unintentional self-doping concentration (approaching
four orders of magnitude) in PEA2PbI4･(MAPbI3)n-1 compared to 3D methylammonium lead
halide. Furthermore, we discovered that the energy level of the dominant self-dopants in
PEA2PbI4 is within only 0.004 eV relative to band edges while that of MAPbI3 has a relatively
broad energy level distribution from as low as 0.03 eV up to 0.24 eV. This may be a general
characteristic of 2D perovskites since we also measured similarly low dark currents in other 2D
perovskite single crystals (not reported here). These characteristics are ascribed to a large
organic cation-mediated shallow defect-suppressing crystallization mechanism. This
crystallization mechanism stands for another advantage of 2D perovskites besides stability to
be used in perovskite solar cells,22-24 which may facilitate charge extraction. Considering the
strong exciton binding in low-n 2D perovskites, intermediate structures containing thick
perovskite sheets (n > 10), with weakened quantum confinement strength may imply a way of
combining the superior optoelectronic properties of 3D perovskites and the low shallow defect
concentration of 2D perovskites.23 Yet we also note that phase separation in 2D perovskite thin
film fabrication still needs to be overcome first. Another significant benefit of the low doping
concentration in (PEA)2PbI4 ･ (MAPbI3)n-1 is the considerably reduced electronic noise for
electronic devices, as we demonstrated in photodetectors. This characteristic encourages their
application for high-precision communication optoelectronic devices.
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Chapter 5. Growth and Application of Hybrid Perovskite Monocrystalline Films
As discussed in Chapter 2, the direct application of hybrid perovskite single crystals is
hampered by the inability to achieve the substrate-based growth of large-aspect-ratio single
crystals, i.e. monocrystalline films, using traditional solution-based crystallization methods. The
hybrid nature of organolead halide perovskites, i.e. intercalation of volatile and vulnerable
organic components with a brittle inorganic framework, makes their monocrystalline films
difficult to be achieved by those deposition techniques that are well-established for inorganic
compounds (e.g., pulsed laser deposition and sputtering) and organic materials (e.g., vapor
growth). In this chapter, preliminary results on the modifications of the traditional
crystallization methods to obtain substrate-based-grown perovskite monocrystalline films will
be discussed, and further, potentially valuable and promising work to follow up will be
proposed. This part of work is adapted from ref. 73 with permission from John Wiley and Sons.

5.1

Experimental Details

Materials: MABr powder and TiO2 paste were purchased from Dyesol. Spiro-OMeTAD was

purchased from Borun New Material Technology. All the other chemicals and solvents were
purchased from Sigma-Aldrich and are ACS reagent grade. ITO-coated glass substrates (8-12 Ω
sq-1) were purchased from Sigma-Aldrich. FTO-coated glass substrates (15 Ω sq-1) were
purchased from Pilkington.
Monocrystalline film growth: The experimental set-up for the crystal growth was the same as

that used in the antisolvent vapor-assisted crystallization method (see Session 3). Briefly,
perovskite precursor solution of equimolar MABr and PbBr2 (0.1-0.2 M) in N, Ndimethylformamide (DMF, typically 10 mL), was loaded in a Pyrex crystallizing dish (80 mm ×
40 mm) with substrates placed on the bottom, which was then placed in a larger crystallizing
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dish (125 mm × 65 mm) with dichloromethane loaded as antisolvent. Both crystallizing dishes
were sealed with aluminum foils while the cover of the inner dish was left with a 0.5 mmdiameter hole to let the antisolvent vapor slowly diffuse into the perovskite solution. To grow
monocrystalline films, the whole set-up was transferred to an ultrasonic bath (Branson 5510)
and a short ultrasonic pulse (< 1 s) was triggered when the perovskite solution reached a low
supersaturation level, which was roughly estimated to be 3-6 hours in advance of the moment
that crystals came out of the solution in the absence of ultrasound.
Monocrystalline film characterization: SEM images were taken with a Quanta 600 FEG (FEI Co.).

XRD measurements were carried out by Panalytical X’pert Pro equipped with a Cu Kα radiation
source (λ= 1.5406 Å). The absorption spectra were captured with a Varian Cary 6000i
spectrometer in a transmittance mode. Aramis Raman Spectroscopy (Horiba Scientific, Japan)
was used to record the photoluminescence spectra excited by a 473 nm laser in an 180°
reflection setup. The thickness of the crystal was measured by a KLA Tencor Stylus Profilometer.
PESA measurement was carried out on MAPbBr3 monocrystalline films grown on glass using
Riken Photoelectron Spectrometer (Model AC-2). The UV lamp intensity was fixed at 50 nW,
which was pre-calibrated for the light correction.
Device fabrication: We fabricated four types of solar cells with three different configurations

in this work. For the monocrystalline device, 100 nm Au electrodes of a circular shape (390 µm
in diameter) or full coverage of Au on a whole monocrystalline film were deposited through a
metal shadow mask onto MAPbBr3 monocrystalline films that were grown on ITO-coated glass
or TiO2 (~60 nm) /FTO glass by thermal evaporation. The performance of monocrystalline solar
cells with different Au patterns were similar, and a high efficiency was achieved on a ~ 2 × 2
mm2 monocrystalline film (see discussion later). The deposition of compact TiO2 layers was as
reported elsewhere.97 For the third type of PSCs, by using the same configuration of ITO-based
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monocrystalline device, a polycrystalline MAPbBr3 film was instead deposited on ITO-coated
glass by a two-step vapor deposition method. A PbBr2 film was thermally evaporated onto ITOcoated glass and annealing in MABr vapor at 130 oC under vacuum for a certain time in a
vacuum desiccator followed to convert PbBr2 into perovskite. The thickness of the final
perovskite film was controlled through the initial PbBr2 film thickness. Finally, Au electrodes of
the same geometry as monocrystalline devices were evaporated on top. The mesostructured
device was fabricated by sequential deposition of a compact TiO2 layer, a 200 nm mesoporous
TiO2 layer, MAPbBr3, Spiro-OMeTAD and 100 nm Au electrodes on the patterned FTO-coated
glass. Specifically, for the deposition of the MAPbBr3 film, a solution of 40 wt% perovskite
precursor was prepared with equimolar MABr and PbBr2 in DMF at 60 °C stirring overnight and
then adding HBr (20 μL, 48 wt% in water). The MAPbBr3 film was deposited by spin-coating the
as-prepared solution at 3000 rpm for 3 min and annealed at 100 °C for 10 min. The detailed
procedures for depositing the compact/mesoporous TiO2 layer and Spiro-OMeTAD layer were
published elsewhere.97 The active device area is 0.2 cm2.
Device characterization: Simulated air mass 1.5 (AM1.5) sunlight with a power intensity of 100

mW cm-2 (Newport Oriel Sol3A) was used as the light source for solar cell characterization. J-V
curves were recorded with a Keithley 4200 source meter with a scan rate of 0.01 V s-1 with the
same mask for thermal evaporation used as aperture mask for small devices. The EQE and IQE
curves were measured by a Newport Oriel IQE-200 system equipped with a 300 W xenon light
source, a monochromator, and a Keithley 2400 source meter. The capacitance-voltage (C-V)
curve was measured by Agilent E4980A precision LCR meter.

5.2

Growth of Hybrid Perovskite Monocrystalline Films

As a major disadvantage of the traditional crystallization methods from the aspect of using the
as-grown perovskite single crystals in optoelectronic devices, the disinclination to
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heterogeneously nucleate on substrate surfaces resulting from the higher nucleation energy
barrier of smooth surfaces is the first challenge to be overcome. Therefore, a new
crystallization method by complementing the AVC method with a cavitation-triggered
asymmetrical crystallization (CTAC) strategy was devised, which would promote
heterogeneous nucleation by providing energy through ultrasonic pulse to overcome the
nucleation barrier. Briefly, a very short ultrasonic pulse (~ 1 s) was introduced to the solution
when the perovskite solution reached a low saturation level with the antisolvent vapor
diffusion. Promisingly, MAPbBr3 monocrystalline films grew on the surface of various
substrates within several hours of the ultrasonic pulse, as shown in the photographic image
(Figure 5.1a and b). In contrast, the crystals grown using the traditional AVC method were bulk
and off the substrate surfaces, as shown in Figure 5.1c.
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Figure 5.1 a) and b) Optical photograph of MAPbBr 3 monocrystalline films on

different substrates grown by the AVC method with sonication at the low
saturation levels; c) MAPbBr 3 single crystals that were grown by AVC without
sonication; d) Optical photograph of enormous tiny crystals grown by triggering
the ultrasonic pulse at deep supersaturation stages.

Since the first report on the application of ultrasound in crystallization in 1927,98 the
influence of ultrasound on nucleation has been extensively studied.99 Ultrasound was found to
promote nucleation under a low supersaturation level without the aid of seed crystals. The role
of ultrasound in the nucleation process was assumed to work through a cavitation process,
where successive cycles of compression and rarefaction sound waves create and collapse
cavities, repeatedly. The release of transient ultrahigh energy that typically accompanies the
cavitation process is expected to induce nucleation by overcoming the nucleation barrier
through rapid local cooling rates, increasing local pressure and accumulating energy to
overcome the nucleation barrier.100 The collapse of cavities is asymmetric near a solid surface
and generates high-speed jets of fluid towards the surface, known as micro-jetting.101 This
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process has been utilized for film thinning and reducing particle sizes as a result of the induced
strong shearing force,102 which may also contribute to the asymmetric crystal growth we
observed here. Figure 5.2 illustrates the entire CTAC process. However, the situation is
dramatically different when the ultrasonic pulse is introduced at high supersaturation levels,
where cavitation triggers excessive nucleation events and therefore the growth of a plethora
of tiny crystals (Figure 5.1d).

Figure 5.2 Illustrations of the CTAC mechanism on a microscopic scale. a) An ultrasonic

pulse induces cavitation in the perovskite solution. b)-d) Collapse of the cavitation
bubble at the neighborhood of a substrate is asymmetric and results in a high-speed
jet towards the substrate, which is the origin of preferential lateral crystallization at
the initial stage.

Due to the physical nature of cavitation, the growth of monocrystalline films by CTAC
is largely independent of substrate properties. Hence, we were able to grow monocrystalline
perovskite films on various substrates such as silicon wafers, indium tin oxide (ITO)-coated
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glass, fluorine-doped tin oxide (FTO)-coated glass and sputter-coated metal on silicon (Figure
5.1). We noticed the dependence of monocrystalline film thicknesses on precursor

concentrations (see Figure 5.3). We evaluated the dependence of film thickness on precursor
concentrations by comparing approximately 50 discrete as-grown films from precursors of two
concentrations, 0.1 M and 0.2 M, after a fixed post-sonication growth time of 10 h. As shown
in Figure 5.3, the minimum (average) film thickness decreased from 6.1 μm to 2.7 μm (22.6
μm to 8.9 μm) by reducing the concentration from 0.2 M to 0.1 M. This dependence is related
to a higher rate of crystal growth in a more concentrated solution. These findings underscore
the value of our solution-based CTAC method for enabling perovskite monocrystalline filmbased optoelectronic devices, despite the coarse control over the film thickness. However, we
believe that the control over film thickness can be further refined by precisely regulating the
rate and time of crystal nucleation and growth, the moment to introduce sonication, postsonication growth time and antisolvent engineering.
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Figure 5.3 Statistic histograms of MAPbBr 3 monocrystalline film thicknesses with

different precursor concentrations. The average thickness and minimum thickness
are also shown in the inset table.

5.3

Characterization of Hybrid Perovskite Monocrystalline Films

The perovskite monocrystalline films were first characterized with optical and electron
microscopy to obtain a visual impression. As shown in the photographic image (Figure 5.4a),
as well as the cross-sectional (Figure 5.4b) and top-view (Figure 5.4c) scanning electron
microscopy (SEM) images, these semitransparent films are homogeneous and free of grain
boundaries. The films have thicknesses typically varying from one up to several tens of
micrometers, and lateral dimensions ranging from hundreds of microns to three millimeters.
The cross-sectional SEM also confirms a good mechanical contact at the crystal/substrate
interface by showing no gaps existing at the interface, which is further proved to be a good
electrical contact by the electrical characterizations shown below.
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Figure 5.4 a) Optical image of the monocrystalline film. b) Cross-section SEM image of

a

freshly-cut

monocrystalline

film.

c)

Top-view

SEM

images

of

MAPbBr 3

monocrystalline films grown on substrates under different magnifications. The left
image was taken from the edge of the monocrystalline film to increase contrast.

High-resolution X-ray diffraction (HRXRD) was used to assess the phase purity and
single crystal nature of the films. The ω-2θ diffraction pattern of powder from crushed asgrown crystals (Figure 5.5a) confirmed the exclusive presence of the cubic MAPbBr3 phase. The
ω-2θ scan of the film (Figure 5.5b) shows only (001) family diffractions. The φ-scan of (110)diffraction (2θ = 21.42°, ψ = 45°) shows a four-fold symmetry (Figure 5.5c), clearly confirming
that the film is a (001)-oriented, twin-free single crystal with a cubic symmetry. We then
checked the rocking curve of the (002) diffraction (Figure 5.5d) and measured a full width at
half maximum (FWHM) of 0.040°. As a qualitative indication of crystallinity, this value is
comparable to those of high-quality epitaxial perovskite oxide films. Notably, it is also smaller
than that of bulk MAPbBr3 perovskite crystals (FWHM=0.044°, Figure 5.5d), which suggests
that the cavitation process, though as an external disturbance, does not deteriorate
crystallinity.
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Figure 5.5 a) XRD pattern of grounded MAPbBr 3 perovskite crystal powder. b) ω-2θ

scan of the monocrystalline film reveals its (001) orientation. c) φ scan of (110)
diffraction shows a 4-fold symmetry. d) Rocking curve of the (002) diffraction, which
gives an FWHM of 0.040°. The rocking curve of an MAPbBr 3 bulk crystal is also shown
for comparison. e) A scheme of the (101) and (001) diffraction planes

The high quality of the monocrystalline films was further corroborated by the spacecharge-limited current measurement. The space-charge-limited current analysis was carried
out on the Au/MAPbBr3/Au monocrystalline sandwich structure. As shown in Figure 5.6, the
logarithmic plot of I-V curve clearly exhibits a trap-controlled space-charge-limited current
(SCLC) behavior, including three distinct regions with different slopes.58 At small voltages, the
device shows a linear current response, i.e. Ohmic conduction. Further increasing the voltage,
the current exhibits a rapid nonlinear rise (the onset voltage is defined as VTFL) with I ∝ V n (n >
3) at the trap-filled limit (TFL) regime. In the region of high voltages, a quadratic response, i.e.
I ∝ V2, was observed, which follows the Child’s law. The concentrations of trap states (Ndt) can
be estimated by the equation VTFL= eNdt d2/(2εε0), where d is the film thickness, e and ε0
represent the elementary charge and vacuum permittivity, respectively. The relative dielectric
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constant of MAPbBr3 ε is estimated as 25.5.45 The Ndt was then calculated to be (1.39 ±
0.21)×1011 cm-3, which is comparable with the bulk single crystals.45

Figure 5.6 I-V curve measured from the Au/MAPbBr 3 /Au monocrystalline sandwich

structure (inset). Different regions of the logarithmic I-V plot are linearly fitted.
The V TFL is also marked in the plot.

The existence of surface states in the monocrystalline film was corroborated by the
absorption and photoluminescence (PL) spectra of the film. As shown in Figure 5.7, the
absorption peak at 529 nm and PL peak at 539 nm agree well with those captured from
polycrystalline thin films, while absorption edge at 553 nm and PL at 555 nm match those of
bulk crystals.45 According to our previous experience, collecting the PL and absorption spectra
of bulk single crystals while keeping them in the mother liquor could avoid the crystal surface
being corroded and reconstructed. However, this set-up was difficult to achieve in the situation
of characterizing monocrystalline films grown on substrates. Interestingly, a resonance feature
is observable over the PL peak at 555 nm, which should come from the Fabry-Pérot
interference of the direct emission from the bulk and the emission reflected by the substrate.
This phenomenon further confirms the uniform nature of the monocrystalline films.
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Figure 5.7 PL of monocrystalline and polycrystalline MAPbBr 3 .

5.4

Hybrid Perovskite Monocrystalline Solar Cell Fabrication and Characterization

The monocrystalline films grown by the CTAC method had thicknesses within the range of
carrier diffusion lengths that have been previously measured for bulk MAPbBr3 single
crystals.45 It is thus reasonable to expect that efficient collection of photocarriers could be
achieved in photovoltaic devices comprising these films. Therefore, we fabricated solar cells
by simply evaporating gold electrodes onto the surface of monocrystalline films grown on ITOcoated glass (see Experimental Details). The device architecture is illustrated in Figure 5.8a. For
photovoltaic characterizations, a bias was applied to the Au electrode and the ITO was placed
under illumination (air mass 1.5 (AM 1.5) and 100 mW cm-2 power). By photoelectron
spectroscopy in air (PESA), we determined the work function of the monocrystalline films to
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be ~5.63 eV (see Figure 5.8c). This finding suggests the presence of a large Schottky barrier at
the ITO/perovskite interface, considering a work function of ~4.6 eV for ITO. In contrast, the
contact of perovskite/Au is expected to be Ohmic due to the large work function of Au (5.1-5.4
eV), which is also consistent with the linear character of the I-V curves of a lateral
Au/perovskite/Au structure (Figure 5.8d). The band alignment is thus as presented in the inset
of Figure 5.8a. The direction of the Schottky diode is confirmed by the apparent current
rectification of the dark current density-voltage (J-V) curve (Figure 5.8b).
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Figure 5.8 a ) the device structure and band alignment of an ITO/MAPbBr 3

monocrystalline film/Au. b) dark and illuminated J-V curves of a 4 µm-thick
MAPbBr3 film based ITO/MAPbBr 3 /Au device in the log scale. c) the work function
of a fresh MAPbBr 3 monocrystalline film by PESA. d) the I-V curves of a lateral
Au/MAPbBr 3 monocrystalline film/Au device with different contact distances
showing linear responses.

Figure 5.9a shows the illuminated J-V curves of devices with MAPbBr3 monocrystalline

films of various thicknesses. Detailed photovoltaic parameters of these cells can be found in
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Table 5.1. Histograms of photovoltaic parameters for 12 devices based on different 4-μm thick

films are shown in Figure 5.9b. The statistical data of power conversion efficiencies (PCEs)
shows a very small deviation (0.2%) with an average of 5.00%. The best cell shows a fill factor
(FF) of 0.58, an open-circuit voltage (VOC) of ~1.24 V and a remarkable short-circuit current (JSC)
of ~7.42 mA cm-2, yielding a PCE of 5.37%. The large JSC value agrees well with a high and wide
plateau of the device’s external quantum efficiency (EQE) spectrum, as shown in Figure 5.9c,
from which we calculated an integrated current density of 7.15 mA cm-2. The corresponding
internal quantum efficiency (IQE), calculated by dividing the EQE by the transmittance of ITOcoated glass (Figure 5.9c), shows an onset at ~550 nm with a plateau higher than 90% over a
wide spectral range and a peak value of ~97% at 507 nm (Figure 5.9c). Moreover, we calculated
the integrated current’s theoretical upper limit to be 7.64 mA cm-2, by assuming a 100% IQE
and that the only loss of photons is through absorption and reflection by ITO glass substrates
(Figure 5.9d). The small difference between the experimental value and the theoretical upper
limit confirms the high quantum efficiency of our devices. Also, the JSC value is comparable with
those of the best polycrystalline tri-bromide PSCs reported in the literature.103
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Figure 5.9 a) Dark and illuminated J-V curves of ITO/MAPbBr 3 /Au devices with

different monocrystalline film thicknesses; b) The statistical performance
parameters of ITO/MAPbBr 3 /Au devices with ~ 4 µm-thick MAPbBr 3 films including
V oc , J sc , FF and efficiency; c) the corresponding EQE and IQE curves of the 4 µmthick device in a); d) Wavelength-dependent transparency of bare ITO glass (T ITO ).
The transmission of MAPbBr 3 single crystal films (T perovskite ) was also plotted in the
form of 1-T perovskite to define the onset of EQE max curve, i.e. theoretically upper limit
of EQE, for two different structured perovskite monocrystalline devices. EQE max can
be achieved only when the device can absorb all the photons that transmit through
ITO or FTO substrates, convert them into electrons and then collect completely (i.e.
100% IQE). Therefore, the EQE max curve will overlap with the transparency curve of
corresponding substrates at wavelengths below onset absorption. Hence, the
theoretical integrated current density is calculated for this device structure to be
7.64 mA cm -2 .
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Table 5.1 Photovoltaic parameters extracted from the illuminated J-V curves (reverse

scanned) of monocrystalline solar cells with various MAPbBr 3 film thicknesses
Device Structure

Film thickness

VOC

JSC

PCE
FF

ITO/perovskite/Au

FTO/TiO2/perovskite/Au

-2

[μm]

[V]

[mA cm ]

[%]

1

1.25

7.39

0.59

5.49

4

1.24

7.42

0.58

5.37

7

1.11

7.19

0.46

3.70

12

1.03

7.09

0.39

2.82

60

0.94

2.27

0.31

0.65

1

1.36

6.96

0.69

6.53

To understand the origin of the near-unity IQE achieved in our simple ITO/MAPbBr3/Au
structure, we sought to clarify the working principles of the cells. The capacitance-voltage (CV) measurement was carried out to examine the built-in potential existing in the device.71 A
built-in potential of ~1.2 V was extracted from the Mott-Schottky plot of the C-V measurement
(Figure 5.10), which is in good agreement with the measured VOC. We further calculated a selfdopant concentration of ~ 1012 cm-3 from the slope of the linear region of the plot. Accordingly,
the depletion width was evaluated by Mott-Schottky analysis. The capacitance-voltage (C-V)
measurements can be used to determine the built-in potential, depletion width, and carrier
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concentration.104 According to the depletion approximation, the junction capacitance is given
by
(1)

C = AεεR /W

A is the device area, ε and ε0 refer to dielectric constant (25.5 for MAPbBr3) and the vacuum
permittivity, respectively. The depletion width, W, of a Schottky junction is given by

𝑊=

Qššg (f›œ \f)
j•ž

(2)

Where e is the elementary charge, ND is the dopant density, V is the applied bias, and Vbi is the
built-in potential. From Equation 1 and 2 we can get
𝐶 \Q =

Q(f›œ \f)
@Y jššg •ž

(3)

From which we express the dopant density as
𝑁 =

]
Q
@Y jššg r

¡
re aY

(4)

The Mott-Schottky plot of C-2 versus V is shown in Figure 5.10. According to Equation 3, a
Vbi of ~1.2 eV can be obtained from the linear extrapolation of C-2-V curve to zero. The selfdopant density of 7.15×1013 cm-3 can be calculated by the linear fitting slope of C-2 -V curve.
From Equation 2 the depletion width W can be calculated as 6.88 µm. This large depletion
width, mainly a consequence of the low self-dopant concentration, would ensure the full
depletion of electrons within the 4 μm-thick crystal. Under such a built-in field that spans
across the perovskite film, photo-excited electrons could easily drift to the ITO electrode and
be collected due to the small absorption depth. Complementary to the extraction of electrons,
photo-excited holes are easily collected at the Au electrode because of the Ohmic contact of
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MAPbBr3/Au. Note that such working principles are inferred based on the fact that excitons
dissociate immediately after generation.105

Figure

5.10

Mott-Schottky

plot

of

the

C-V

measurement

from

the

ITO/monocrystalline MAPbBr 3 /Au solar cell and the fitting curve at the linear
regime.

Considering the discussion above, a major part of the perovskite crystal that is located
more than an absorption depth away from the ITO acts as a carrier transporter rather than as
a light absorber (Figure 5.8). Therefore, if this part of the perovskite film is too thick, it would
considerably increase the series resistance and decrease the FF, which is evident in the J-V
curves measured from devices with crystal thicknesses increasing from 4 to 12 µm. However,
by further reducing the thickness to 1 μm, no significant improvement was observed in the FF,
as well as VOC, JSC and PCE (see Table 5.1). This trend is reasonable since the resistance is not
substantially reduced with the reduction of the crystal thickness from 4 μm to 1 μm.
Furthermore, it is worth pointing out that there is no apparent loss of JSC with increasing crystal
thickness up to 12 μm, due to the long diffusion length of ~10 μm and a large depletion width
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of ~7 μm under short-circuit condition. On the other hand, VOC significantly decreased with
increasing the crystal thickness because of the increased carrier recombination probability
under working conditions near VOC. When the monocrystalline film thickness was increased to
60 μm, which is far beyond the depletion width and the charge carrier diffusion length, the
current was severely reduced (JSC = 2.2 mA cm-2) as a result of the substantially amplified
recombination rate.
To determine whether the Schottky-junction based cell structure could be applied to
polycrystalline films, a sequential evaporation method was used to deposit pinhole-free
MAPbBr3 polycrystalline films (see Experimental Methods). Although SEM images (Figure 5.11)
confirm the uniform morphology and complete coverage of as-grown films, we could only
avoid device shorting and obtain rectified currents when the thickness of the polycrystalline
perovskite layer was larger than ~1 μm (Figure 5.11). The shorting behavior is likely due to
defects or grain boundary-driven leakage paths forming in the thin polycrystalline perovskite
layer. As shown in Figure 5.11, the solar cell based on a 1 μm-thick polycrystalline film shows

a JSC of 0.59 mA cm-2, a VOC of 0.29 V, and an FF of 0.33, yielding a PCE of 0.056%. Although the
polycrystalline film was comprised of nearly a monolayer of grains, the poor performance
indicates that polycrystalline films may not be suitable for such a simple Schottky-junction
based cell structure, possibly due to the existence of grain boundaries.
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Figure 5.11 a) Cross-sectional and b) top-morphology SEM images measured from

the polycrystalline MAPbBr 3 film grown on ITO-coated glass. The film consists of
an entire monolayer of grains with smooth surface morphology and full coverage.
c) The dark and illuminated (AM1.5, 100 mW cm -2 ) J-V curves of the

ITO/polycrystalline MAPbBr 3 /Au device.

The promising efficiencies we have achieved in the Schottky-junction based device
structure were obtained primarily by optimizing the thickness of the perovskite layer. The
performance of solar cells, however, is well known to be sensitive to the interface
properties.106 We were thus driven to investigate further the potential of enhancing the
performance of monocrystalline film-based devices by modifying those properties. We,
therefore, examined a single p-n junction based cell structure, i.e. FTO/TiO2/MAPbBr3/Au,
where a compact TiO2 film acts as an electron transporting layer (ETL), as displayed in Figure
5.12a. The existence of a p-n junction at the TiO2/MAPbBr3 interface is corroborated by the

clear current rectification in the J-V curve of the cell (Figure 5.12b). With such a structure, we
managed to enhance the PCE of our monocrystalline devices to ~6.53%, with a VOC of 1.36 V,
a JSC of 6.96 mA cm-2 and an FF of 0.69, for a champion device made of a 1 μm-thick perovskite
crystal. This device performance surpasses, by over 17%, other hole-transporting layer (HTL)free polycrystalline MAPbBr3 solar cells reported to date,107-108 and is even comparable to
those of devices with an HTL.103, 109 The average efficiency of 12 monocrystalline devices using
this structure with 1 to 4 μm thick crystals is 5.67 ± 0.44% (Figure 5.12c and Table 5.1). The
corresponding EQE and IQE curves are presented in Figure 5.12d, showing a similar plateau as
those of Schottky junction-based devices, with the exception of being inferior at wavelengths
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below 350 nm due to stronger UV absorption of FTO/TiO2 substrates, resulting in a decreased
JSC. The current density integrated from the EQE curve is 6.7 mA cm-2, in good agreement with
the value extracted from the J-V curve. A notable feature of this single p-n junction-based
monocrystalline device is the greatly improved VOC (the highest reached so far was 1.41 V). The
improvement is in agreement with the energy difference between the Fermi levels of TiO2 and
MAPbBr3 (ΔE~1.4 eV), which is larger than that between ITO and MAPbBr3. The VOC is also the
highest among reported MAPbBr3 solar cells without a HTL,107-108 and is on par with the best
performing cells with a custom-designed HTL.103 Such improvements clearly imply that the
TiO2/perovskite-based devices extract electrons more efficiently than ITO-based devices. With
such demonstrably high VOC and JSC, we believe there is tremendous potential using perovskite
monocrystalline films in the HTL-free device structures. Further improvements would lie in
interface engineering approaches such as chemical passivation.110
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Figure 5.12 a) the device structure and band alignment of an FTO/TiO2/MAPbBr3/Au; b)

Dark and illuminated J-V curves of an FTO/TiO2/MAPbBr3/Au device with 1 µm monocrystalline
film thickness; c) The statistical performance parameters of FTO/TiO2/MAPbBr3/Au devices
with < 4 µm-thick MAPbBr3 films including Voc, Jsc, FF, and efficiency; d) the corresponding EQE
and IQE curves of the 4-µm-thick device in a).
Note that we found considerable hysteresis in the J-V curves of TiO2-free devices
(Figure 5.13a). In contrast, the hysteresis was substantially reduced in the devices with a TiO2
layer (Figure 5.13a). Therefore, we further confirmed the PCE of our devices by measuring the
steady-state maximum power output, which was determined by measuring the transient
current output at the bias of the device’s maximum power point (Vmax).111-112 As displayed in
Figure 5.13b, the ITO device made with a 4 μm-thick crystal, and FTO/TiO2 device made with a

1 μm-thick crystal show stable PCEs of 5.11% and 6.33%, respectively, at their corresponding
Vmax, which were determined from their reversely scanned J-V curves. The steady-state
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photocurrents of the ITO device shown in Figure 5.13c at various biases near Vmax further verify
that reversely scanned J-V curves provide a reliable estimation of the true device performance.

Figure 5.13 a) Reverse and forward (direction indicated by the solid arrow) scanned

J-V curves of ITO/MAPbBr 3 /Au and FTO/TiO 2 /MAPbBr 3 /Au under illumination. b)
Steady-state photocurrents and PCEs of two monocrystalline devices at their
corresponding V max ; c) Transient current curves under various biases of the cell
ITO/monocrystalline MAPbBr 3 /Au and d) the corresponding stable photocurrent
(blue open square) agrees well with the reverse scanned J-V curve.

Several theories have been proposed to explain the origin of hysteresis observed in PSCs.
111, 113-115

Here, the PCE obtained from the reversely scanned J-V curve is close to that extracted

from the transient current measurement, which agrees well with the trapping-detrapping
model.111 Although MAPbBr3 crystals have an ultra-low bulk trap density, defects and trap
states could accumulate at the crystal surface, as argued in the previous session. Also, labile
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ions may accumulate in the disordered perovskite lattice in the vicinity of contacts and can
drift under operational conditions, resulting in a slow process of electrode polarization114 or
screening of space charges111 for efficient photocarrier collection. Based on the discussion
above, the TiO2 interlayer could have minimized the traps of the perovskite bottom surface,
resulting in less hysteresis.
Device stability, a present-day bottle-neck in the commercialization of PSCs, was expected
to improve in our simple-structured solar cells through removing components that may cause
instability issues.17,
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Hence, we tested the stability of these cells by monitoring the

photocurrent of the monocrystalline cell while continuously exposed to simulated AM1.5
sunlight (100 mW cm-2) in an ambient atmosphere (55% relative humidity, room temperature),
without encapsulation. Strikingly, the photocurrent of the Schottky-junction based device
shows no degradation under Vmax in our test of over 48 hours, while the current of the
monocrystalline device using TiO2 shows slight degradation and drops to ~90% of its initial level
(Figure 5.14). For comparison, we fabricated two polycrystalline cells: one with the same
structure as the Schottky-junction based monocrystalline cell (Poly-1); and the other with both
a HTL and a ETL in a mesostructure of FTO/TiO2/MAPbBr3/Spiro-OMeTAD/Au (Poly-2). The
normalized current of both cells shows distinct degradation at different rates. J-V curves of the
four cells before and after illumination are provided in Figure 5.14. The superior stability of
monocrystalline devices, especially the one based on Schottky junction, over polycrystalline
film PSCs may have several origins. First, hybrid perovskite polycrystalline films have been
reported to degrade fast in the presence of moisture, while perovskite single crystals have
been found to be stable for over one month in ambient conditions.44 Compared with
polycrystalline films, monocrystalline films are free of grain boundaries, which are supposed to
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be the infiltration and corrosion sites for moistures. Second, the absence of a TiO2 layer may
eliminate potential instability factors such as light-induced desorption of surface-adsorbed
oxygen,17 which can also account for the stability difference between the two monocrystalline
device architectures. Moreover, the organic HTL, which is absent in monocrystalline cells, has
been known to cause instability issues for PSCs under exposure to moisture and oxygen.116-117
The two latter factors may explain the difference in current degradation rates between the
two polycrystalline solar cells.

Figure 5.14 Stability test for two monocrystalline solar cells and two polycrystalline

solar cells by monitoring the photocurrents at their corresponding V max under
continuous illumination of 1 sun for over 48 hours.

5.5

Summary

In summary, we reported the first successful growth and characterization of hybrid perovskite
monocrystalline films on substrates, achieved only by using a method that we term CTAC,
which overcomes the shortcomings of traditional single crystal growth methods in their
tendency to produce merely free-standing perovskite single crystals. Therefore, we were able
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to carry out the first-reported explorative study on perovskite monocrystalline solar cells using
two different device structures. Without any ETLs and HTLs, a simple prototype cell of
ITO/MAPbBr3 (4 μm)/Au offers near-unity IQE, and consequently an ultra-stable PCE of > 5%.
Furthermore, by employing a single p-n junction based architecture instead, we enhanced the
efficiency to 6.5%, which is a >17% improvement over the best HTL-free MAPbBr3 solar cells.
Remarkably, this simple device structure offers a high VOC ~1.4 V, which makes it particularly
attractive for applications in photocatalytic water-splitting systems for solar fuels and also as
top cells in tandem solar cells with Si and CIGS. We elucidated the roles of the monocrystalline
film thickness and interface engineering in single crystal solar cells. Our work provides direct
proof for the superior optoelectronic properties of perovskite monocrystalline films in devices
over their polycrystalline counterparts. Moreover, the demonstration of extraordinary stability
of Schottky-junction based monocrystalline devices, along with its fabrication simplicity, opens
a new avenue for the development of perovskite solar cells, akin to the evolution of metalinsulator-semiconductor inversion-layer silicon solar cells.
As a pioneering work on the substrate-based growth of perovskite monocrystalline films
and further their applications in solar cells, the present study sheds light on the promise of
perovskite single crystals for solar cells by showing moderate efficiencies and impressive
stability in a prototype MAPbBr3 monocrystalline solar cells. Interface engineering would be an
effective way to improve the current prototype solar cells by further considering that the major
source of defect states locates at the interface. Despite the impressive anisotropic
crystallization process discovered in the CTAC method, the controllability over the nucleation
location, the lateral dimension, and the thickness are still a big challenge to overcome.
Modification of the current CTAC method or exploration of other anisotropic crystallization
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methods is in urgent demands. In addition, growing MAPbI3 monocrystalline films is still an
open challenge.

119

Chapter 6. Conclusion
This dissertation describes the explorative work on organolead halide perovskite single crystals
mainly from two aspects: one from fundamental aspect that focuses on the relation of
composition, crystal structure, and material property; and the other from device application
aspect that seeks ways of growing hybrid perovskite monocrystalline films, which are suitable
for optoelectronic devices.
First of all, single crystals are the most suitable platform for studying various
fundamental, intrinsic material properties. Therefore, organolead halide perovskite single
crystals provide routes toward not only an unambiguous understanding of this type of
materials without the distraction of grain boundaries, defects, and morphologies, but also
achieving the ultimate goal of optimizing the properties of hybrid perovskites including
stabilities and optoelectronic properties. These properties can be effectively adjusted through
such as tailoring compositions and crystal structures, as demonstrated by the studies on the
EA-MA alloy 3D perovskites in Chapter 3 and PEA-MA alloy 2D perovskites in Chapter 4. In
these two studies, an EA-mediated higher-symmetry 3D perovskite crystal structure with
improved optoelectronic properties and a large organic cation PEA-mediated reduceddimension crystal structure with suppressed shallow defects are inspiring for the hybrid
perovskite research community. It would be attractive and worthwhile to develop extensive
and in-depth research work based on the present study. First of all, fine-tuning the
optoelectronic properties as well as other concerned properties of hybrid perovskites through
alloying various large organic cations is definitely intriguing and worthwhile. It would be
beneficial not only for developing optimized materials but also for understanding the interplay
of composition, properties, and structures in hybrid perovskites. Second, the present study has
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only reported some preliminary results, an extended in-depth study on such as the alloy
crystals’ ferroelectricity, electronic band structures, defect species and distribution, and
transport characteristics would be also significant. Last but not least, using these alloy
perovskites in practical devices is also intriguing, which requires tremendous work in the future.
Second, the superiorities of organolead halide perovskite single crystals over
polycrystals on various aspects including stability and carrier dynamic properties are also
intriguing for researchers to use them in practical devices such as solar cells and radiation
detectors. Limited progress has been achieved due to the inability of growing substrate-based,
large-aspect-ratio single crystals. The pioneering success of growing MAPbBr3 monocrystalline
films in Chapter 5 is inspiring for growing monocrystalline films of other compositions. The
prototype MAPbBr3 single crystal solar cells have already shown various advantages including
a higher PCE and impressively higher stability compared to the polycrystalline devices. We also
revealed that further advancement of the monocrystalline solar cell should lie in optimization
of the interfaces between perovskite and other active layers. In addition, the current success
is of tremendous practical significance by providing researchers a device to study the working
mechanism of perovskite solar cells without the disturbance from grain boundaries. For
example, the electric features of grain boundaries and external contact interfaces in the
operation of perovskite solar cells have been a debating issue. A monocrystalline device
provides an unambiguous means to clarify this issue of concern. Ongoing work is the detailed
electrical characterizations of the monocrystalline device and, comparatively, the
polycrystalline device to isolate the contributions of external contacts and bulk properties. This
study will benefit the design and optimization of high-performance perovskite solar cells.
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